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PASSAGE OF FM OSCILLATIONS 
THROUGH APERIODIC AMPLIFIER 


V.L. Rychka 


The article examines the chief features of passage of FM oscillations 
through an aperiodic amplifier. It introduces the condition of amplifier 
quasistability and also derives a design formula for the quantity of nonlinear 
distortion of the FM signal during its passage through an aperiodic amplifier. 

The works of our scientists [1, 2, 3] have examined the problem of 
passage of FM oscillations through tuned amplifiers and bandpass amplifiers 
as well as the distortion of FM signals in these amplifiers. To the best 
knowledge of the author, the chief regularities of FM signals passing through 
aperiodic amplifiers, have not been investigated, for until recently such a 
problem had not been confronted in practice — FM receivers used high in- 
termediate frequency and tuned or bandpass amplifiers. 

However, in recent years discriminators with pulse circuits have 
come into use, particularly a detector of the pulse-counter type [4, 5]. 
Without giving a description of the operation and analysis of the circuit, we 
will note that for normal operation of the detector the intermediate frequency 
of the FM receiver should be on the order of 200-300 kc; that is, in sucha 
receiver it is necessary to use an aperiodic i-f amplifier. 

In addition, the need for an aperiodic amplifier of FM signals may 
arise in various measuring devices and in automatic control units. 

In this connection it is advisable to examine in detail the passage of 
FM oscillations through an aperiodic amplifier, employing the procedure 
already developed for tuned amplifiers and bandpass amplifiers. 


SOURCES OF FM SIGNAL DISTORTION IN AN AMPLIFIER 


In [2, 6] it is stated that the FM signal in an amplifier is distorted 
due to transient processes and slope of the phase characteristic. 

If the transient process in the amplifier occurs much more rapidly 
than the signal varies, then the amplifier is quasistable and the effect of the 
transient process on the output voltage may be neglected. In tuned ampli- 
fiers the rate of the transient process is described in the well-known enve- 
lope theorem and the nature of the transient process consists in a gradual 
increase in amplitude of the voltages at the amplifier output with application 
of a radio pulse at its input. The known condition of quasistability of a tuned 
amplifier is derived from this statement. 

In the same manner it is necessary to examine the transient process in 
an aperiodic amplifier and to deduce for it the condition of quasistability. 

If the frequency at input of any quasistable amplifier varies sinu- 
soidally, then the variation in frequency at the output obeys the following 


1 


rule [6]: 


Oat = % + Awsin 21+ E) so@cos 24, (1) 
wo 


where w is the average frequency of input voltage, Q is the modulating fre- 
quency, Awis the maximum frequency deviation at the input, @(w) is the 
phase response of the amplifier. 

Presence of the third term in (1) indicates the possibility of frequency- 
amplitude and nonlinear distortion of the FM signal. 

In fact, even if the phase characteristic is ideal (that is, = kw) 


© out = % + Ao V 14+ x? Q? sin(@t+ o). 


Consequently, frequency deviation at the amplifier output, strictly 
speaking, does not remain constant but increases with the modulation fre- 
quency and slope of the phase characteristic. However, calculations show 
that in the multi-stage amplifiers commonly used, the total slope of the 
phase characteristic and the modulating frequency are not considerable and 
the mentioned distortions may be ignored. At the same time, in precise 
measurement of the frequency response of a transmitter (dependence of 
frequency deviation on modulating frequency) and in other special cases 
there arises the necessity of considering frequency-amplitude distortions 
of the FM signal in the amplifier. 

If the phase characteristic is nonlinear, this leads to nonlinear distor- 
tion of the FM signal, depending on the slope of the phase characteristic and 
on the modulating frequency. 


a 
Z 
i=) 


—~------— 


For proper selection of amplifier parameters and the required pass- 
band it is necessary to derive the equation of the phase characteristic, in- 
sert it into (1) and calculate the nonlinear distortion factor. This method is 
used in [3] for tuned amplifiers and is used here for aperiodic FM-signal 
amplifiers. 

First, let us note that expression (1) was derived by formal, mathe- 
matical means. It is expedient to examine graphically the process of dis- 
tortion in the amplifier due to the curve of the phase response. 

If the phase characteristic is nonlinear, then the signal lag time 


d : : 
= m4 does not remain constant during modulation. For example, let T 


vary as in Figures 1 and 2 while the frequency at the amplifier input varies 
sinusoidally from in to oo ax Figure 1 corresponds to a low modulat- 


ing frequency and Figure 2 corresponds to a high modulating frequency. 

For a graphic plot of the curve of output-voltage frequency variation it is 
necessary to displace all points of the sinusoid to different segments along 
the time axes defined by the plot of T(w). Because all these time segments 
are not identical, the sinusoid of frequency variation is distorted and, as is 
seen from comparison of Figures 1 and 2, the higher the modulation fre- 
quency, the greater the distortion. 


TRANSIENT PROCESS IN AN APERIODIC AMPLIFIER 


With a change in frequency at the input of any amplifier there arises 
in it a transient process, the voltage of which depends on the rate of change 
in frequency, according to the law of modulation. It is evident that the most 
significant transient process arises in the practical case of pulse-frequency 
modulation. Here the frequency at the amplifier input changes instantly 
from w , to w», wherein the initial phases of both oscillations, as well as 
the instant of change, may be arbitrary. 

The study of transients is most simply performed by the operational 
method, for which the zero initial conditions are required. In the given 
case it is evident that they are not known. Hence, we shall use the artifi- 

‘cial method. Let us assume that before and after the jump a continuous 
voltage of frequency w , is applied at the amplifier input, but at the instant 
of change, two voltage pulses are applied: one with frequency w » and arbi- 
trary phase, the other with frequency w, but with initial phase precisely 
opposite to the phase of the existing oscillations at the instant of change. It 
is also evident that the performed substitution is equivalent — on the basis 
of the principle of superposition. Hence, the real transient process in any 

amplifier with pulse-frequency modulation may be considered as the sum of 
two transient processes arising upon the application of two sinusoidal volt- 
age pulses at the amplifier input. 

Let us use this general method, described in [8], for the particular 

case of an aperiodic amplifier. We shall first examine the transient process 

upon application of a sinusoidal voltage pulse at the amplifier input 


U,, sin (wt + 9) with t > 0 


0 with (<0. (2) 
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As is known [2], the transform of the input-voltage function has the form 


Uin(p) =o" (psing + #608 9), (3) 


while the transfer function of the aperiodic amplifier 


pif Kite On) 4 
tO eran eee (4) 


where 7 _ and T, are the time constants of the grid and plate circuits of the 


amplifier stage, and Ky is the amplifier gain at mid frequencies. 

Applying the conventional method of Laplace transforms and the theory 
of residues in a complex plane, and omitting intermediate calculations, we 
obtain the following expressions for voltage at the amplifier output with 
ib Ss 8 


Your (1) = UnKo | abs (eae Be 2s) nln) : 
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V3 +(o%0— ) Vi mt wry 
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_ cos(e+e) a 


where 


The first term in parentheses obviously corresponds to the steady- 
state process of transmission of a sinusoidal voltage by an aperiodic ampli- 
fier, and the second and third terms describe the transient process. 

From equation (5) there flow certain peculiarities of the transient 
process which proves to differ considerably from the transient process in a 
tuned amplifier. 

One distinctive feature of the transient process lies in the fact that the 
output voltage is the algebraic sum of the sinusoidal signal and two exponen- 
tial pulses, the rate of decay of which is determined by the time constants 
of the plate and cathode circuits of the amplifier. Amplitude of the sinu- 
soidal oscillation during the transient process remains constant. 

The initial value and polarity of the pulses depend on the instantaneous 
phase of the sinusoidal input voltage at the moment of connection and on the ~ 
intermediate frequency. 

In practice the time constant ee is sufficiently great, hence, the third 


term in (5) decreases rapidly and a~ 0. 
At the initial moment 


sin (z — sin (7 —4 = 
lone Oh = Ua Reg [ene ees See reo Oe Ros pal nt) 5 sg 
Trae geen 


Consequently, whatever the phase of the input pulse, there arises in 
the amplifier such a transient process that the total output voltage is equal 


*tg = tan (transl. ) 


to zero. This means that the maximum voltage of the transient process is 
equal to UL, Ko (that is, the amplitude of the steady-state output voltage). 


Neglecting the effect of T on the transient process, we obtain the ex- 
_ pression for output voltage 


t 
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Let us turn now to the presented problem of pulse-frequency modula- 
tion. 

If with t < 0 there is applied to the amplifier input for a sufficient 
length of time a voltage of the form 


(6) 


u, (t) =U,, sin (o,f + 4), 


then at the moment t = 0 it is necessary to apply to the input the radio 
pulses 


Ug (¢) = oles sin (ot in 91 == m)andu, (t) = Whee sin (wot ae $0). 


Then, with t > 0, the steady-state voltages from the first two terms 
cancel each other and the total output voltage has the form 


t 


Boyt () = Uako sin (wot + ¢2—8) —sin(zo—8)e @ 


__ sin (z+ 7 —8) a MF (7) 
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The transient voltage is approximately equal to 


t 


HO) —Unkelsin(g; = 8)-asin(gy—Pje *. 
trans, 


If the phase of an oscillation with frequency w,, applied at instant 
t = 0, is equal to the phase of an existing oscillation with frequency ,, 
then the transient process is absent (Figure 3). 


Figure 4 


If the phases are opposed, then the transient process is more intense 
and the voltage at the initial moment in the case a—=> is equal to 2U_,,Ko 


(Figure 4). 

The amplifier is considered quasistable if the transient voltage be- 
comes much smaller than the existing voltage during the minimum period of 
the modulating frequency. In the given case this condition reduces to the 
following: 


_Tmin 
BULK erg Deel aK 


or 


ens (7) 
2e ‘a max =the | 


If, for example, the upper frequency of the amplifier passband is only 
200 kc, then even with frequency F = 15 ke we obtain 
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pate i 
e “e/max _ e 0, 


The condition of quasistability is fulfilled with a large margin. Thus, 
the aperiodic amplifier intended for amplification of FM oscillations may be 
considered quasistable and on this basis we may neglect the effect of the 
transient process on the FM signal. 


NONLINEAR DISTORTION IN AMPLIFIER 


Let us examine the influence of the slope of the phase characteristic 
of an aperiodic amplifier on the quantity of nonlinear distortion of the FM 
signal. 

Let there be an n-stage amplifier without any compensation. The 
phase characteristic equation is 


p= — narcig (ar, — =). (8) 


wtg 


In accordance with (1) it is necessary to calculate the frequeacy 
derivative from (8) 


Ta + 


d 2 
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dw NN? 
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It is evident that in order to obtain small values of distortion the phase 
characteristic must not be extremely contorted; that is, the argument 


1 
eh ow taeag iE 
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Hence 


ile cee (9) 


But 


© =o, + Awsin 21, 
w” =~ w? + 2a, Ao sin @1— — Aw? cos 221, 


1 
B 4igieacers bin Qrinad eo 
0 


Rye 
20 


(5) 


cos 2 on 


1 
2 a ae 
® ws @ 2 


Oy 


Inserting these results into (9), transposing and omitting small terms 
of higher order, we obtain 


as |i i eae = aac 


dw 2 


bot) tg % Tg 
Aw? 3 
et / eae cos2Q¢]. (10) 
2 i 04 tg 


Let us insert (10) into (1): 
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The second-harmonic distortion factor 


a (oe 2 yoo (11) 


rt) tg 
and the third-harmonic distortion factor 


Basi | fat 3 wie (12) 
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If the chosen intermediate frequency is high or Tg is great, then 
distortion originating in the plate circuit of the amplifier is defined by factors 


ft 


Kyg = nw,)=3 A, 
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K3q — as ns Aw’, 


It is evident that third-harmonic distortions are negligibly small and 
discussion may be limited to second-harmonic distortion, which increases 
in proportion to the intermediate and modulating frequencies. ; 

If we neglect the effect of Ti then distortion originating in the grid 


circuit of the amplifier is 


nhw®2 
Ce 
SONg: 
3nAw22 
K3,= : 
4w te 


In this case, too, the major role is played by second-harmonic distor- 
tion, which increases with decreasing intermediate frequency in cubic- 
hyperbola fashion. 

The minimum nonlinear distortion occurs on the condition 


edt /= 
0 opt ts re 


In this case, third-harmonic distortion, as is easily shown, reverts 
to zero. 
If we assume that Af = 50 ke and Ea = 15 ke, then from (11) we 


obtain the following design formula: 


1 
K, 9}, = 18.60%", 1 sec, Sot 7 Teel ies 
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On the basis of (13) calculation of the nonlinear distortion factor was 
performed for one stage of amplification with various Te and aaa The re- 


sults are given in the form of curves in Figure 5. 
These results show that even with ian <0.3 Usec. T_ >80 Usec. 


nonlinear distortion in the amplifier is small. The first inequality shows 
that steep slope of the frequency response curve to the 0. 7-level is permis- 
sible at 500 ke; that is, in most cases an amplifier ¢ircuit without any upper- 
frequency compensation may be used. It follows from the second inequality 
that all frequencies below 2 ke may not be passed through the amplifier, 
which permits decreasing the coupling and bypass capacitors. This lowers 
the weight, cost and dimensions of the amplifier and increases its stability. 
It should be mentioned that in practice [7] the passband of an aperiodic 
amplifier is increased considerably in both the low-frequency direction (to 
30-50 cycles) and the high-frequency direction (to 2-4 Mc) by the use of fre- 
quency compensation circuits and low-resistance plate loads. The conclu- 
sions given here on the basis of observed regularities in passage of fm 
oscillations through an aperiodic amplifier show that these measures are 


ae 


X 


AM 


Le 


unnecessary. 

Tests revealed the accuracy of the conclusions given here, with the 
result that there was developed an aperiodic i-f amplifier for an FM broad- 
cast receiver with 6N15P dual triodes, without compensation of upper fre- 
quencies and with plate load resistance on the order of 27 kilohms. 

It must also be pointed out that the phase characteristic and nonlinear 
distortion level of the FM signal in an aperiodic amplifier are stable in time 
and are relatively independent of tube replacements, supply fluctuations, 
and vibration. This represents a considerable advantage of aperiodic i-f 
amplifiers over tuned i-f amplifiers in FM operation. 

In conclusion let us discuss the tolerance for increase in signal delay 
-at given nonlinear distortion. 

From (10) we find that the increment 


Ac =A lores) = 2nho (oe ae ean 


oe 9 Tg 


or, on the basis of (11). 


ee (14) 
Q 


This is an extremely convenient design formula. If, for example, 
K, = 1% and Froax =15 kc, then At = 0.2 sec. which for a frequency 


deviation of 50 ke corresponds to deviation of the phase characteristic from 
the linear by 


Ay = Arho = 4°. 
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This meets requirements with regard to irregularity of phase charac- 
teristic within a range of 50 kc. 


CONC LUSION 


Analysis of passage of an FM signal through an aperiodic amplifier 
has shown that this amplifier is usually quasistable (that is, the transient 
process therein occurs quite rapidly and may be disregarded. 

It is not difficult to insure extremely low nonlinear distortion; hence, 
the amplifier circuit is simple and the parameters stable. This opens wide 
possibilities for use of aperiodic i-f amplifiers for FM signals on the condi- 
tion that required selectivity is not high. 

The author expresses cordial thanks to V.M. Sidorov and S.M. 
Khlytchiyev for their interest and assistance in working out the principal 
problems. 


Article submitted to editors 17 February 1960 
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MINIATURE DELAY LINE 
WITH HIGH RESOLUTION 


V.A. Solov'yev 


The article presents analysis of a delay line with distributed constants. 
For compensation of characteristics, the line is divided into sections by 
means of short-circuited coils. A method of calculation is given which is 
based on time relationships and on the best approximation of the group 
propagation time to a constant value within a definite interval. A rule is 
given for determining the rise time of a spiral line from the amplitude- 
frequency characteristic. 


INTRODUCTION 


Delay lines are widely used in television, radar, measurement engi- 
neering and, especially, in electronic automation and computer engineering 
where they find mass application. The presently typical effort to increase 
the efficiency of electronic automation and computer engineering is associ- 
ated with an increase in high-speed operation, an increase in the number of 
elements and a decrease in dimensions. The range of required character- 
istic impedances lies in the region from 1.5 kilohms to 0.3 kilohms, which 
is associated in particular with the use of semiconductor devices. 

In this connection delay lines must meet the following requirements: 


1. High resolution; 
2. Miniaturization; 
3. Simple construction, permitting mass production. 


The requirement of high resolution, or small value of rise time, is 
wholly met only by delay lines with distributed constants. The method of 
design of delay lines with distributed constants discussed in this report per- 
‘mits obtaining structurally simple lines with volume V <1 cm? with rise 
time of transfer characteristic T |, > 20 - 10-2 sec and characteristic im- 


pedance Z,) > 0.3 kilohm for delay values of a5 (10 to 15) Te The core 


diameter D= 4 to 5 mm, wire diameter D= 0.05 mm, the number of slots 
in the core N >16, that is, 30 to 60 times less than other existing designs 
of high-frequency delay lines with distributed constants [1]. 

A distinctive feature of this construction is division of the line into 
sections shielded by shorted coils. Thereby there is achieved adequate at- 
tenuation of coupling between sections. The parameters of each section are 
determined on the basis of its design equivalent in the form of an m-derived 
low-frequency mesh, which is permissible due to its short electrical length. 


11 


This insures better utilization of the passband and provides considerably 
more effective compensation of the line characteristics in comparison with 
other methods of compensation of delay lines with distributed constants [1]. 

Usually the use of m-derived sections leads to considerable increase 
in the size of the line due to the necessity for separating the sections from 
one another in order to avoid parasitic coupling. The use of shorted coils 
eliminates this disadvantage. The line sections are placed close together 
and represent a single continuous coil on an insulated conducting core. A 
substantial advantage of a line section with distributed parameters in com- 
parison with an m-derived section with lumped L and C elements is the large 
passband. The miniature dimensions of this design are the result of the use 
of conductors of small diameter d = 0.05 to 0.1 mm. 


SHIELDING OF DELAY LINE SECTIONS WITH 
DISTRIBUTED CONSTANTS BY SHORTED COILS 


The shorted coils are positioned over a main winding on an insulating 
layer (Figure 1). The specifications for the shorted coils are determined 
by the shielding conditions of the section. 


output input 


12.3 - shorted coils 
4 -section length 
( - length of main coil 


Figure 1 Figure 2 


Let us designate the magnetic flux of the main coil of the line as Yo, 
the flux created by current I. in the shorted coil by 4,, the resulting flux in 


the central section 0; - 02 (Figure 2) of the shorted coil by » 


y= $o =; Lis 
where L is the inductance of the shorted coil 


x! 
I 


cogs dy 
7 


where r is the loss resistance of the shorted coil. 
Now let us define the coefficient characterizing attenuation of the 
magnetic field in the central section of the shorted coil 
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This coefficient expresses the relationship between the parameters of 
the shorted coil. Since n >1 (in practice it is sufficient that n = 100), then 


iS , 


r one 


(1) 


The formula for inductance of the coil may be expressed in the form 


[2] 
L=L,W?2D10-° h, 


l 
where Ly = #(— el is the coil length in cm, D is the coil diameter in cm, 


and W is the number of turns. 
The loss resistance [2] 


r=5,25 “Vi res 


where d is the conductor diameter in cm, f is the frequency in cps. 
Using the last two expressions, we obtain 


mee 2 10 (2) 
f f 


The length of the winding of the shorted coil is 


Wdq 


= ’ 
u 


where q is the winding density factor, u is the number of layers of the wind- 


ing (u =1 to 2). 
Using expressions (1) and (2), we obtain 


COs (eee: 
37 ee 
Let us introduce the designation 
Ke Lolu 
q 
Hence, 
aaa 
W.9V F 


where f is in Mc 
and 


ay Le Ss 
leak uLo Lo a (3) 


where K' = Kq/u. ‘ 
For a single-layer coil with be dD. in the interval from 0.2 to 3 we 
may use for Ly a formula given in[2] and yielding an accuracy of 1 percent. 


1000D , 
101.7 ly + 45.6 Dy’ 


= 
which determines the following expressing for he 


= ee (4) 
1000 D, — 101.7K 


For a multi-layer coil (in practice, for a two-layer coil) with 


0< = < 0.25 where c is the layer thickness of the coil, Ly is determined 


« 
with an accuracy of 2% from the formula 


EG 1000 


[ye : 


45.6 +101.7 © + 85.3 — +65 
Dy 


wi 
x 
x 


Assuming that, on the average Dd. = 4 to 6 mm and c/D = 0. 08, we 
obtain 


jm ERA KD, (5) 


1000 D, — 107 kK’ 
Let us find the relationship between the diameters of the conductors 
of the main coil d and the shorted coils d.. We shall use the formula for 


magnetic field strength at the center of a solenoid and along its axis, con- 
sidering that 21 > D. The shielding conditions are determined from the 
equality 


W ele wi 
2 2 ‘ 
V dD, 2 l, 


where I is the current in the turns of the main coil. 


Hence, considering that W = Wol, where W, is the number of turns per 
unit length, we obtain 


teow, Vinh? 


I Wor lZ 


(6) 


On the other hand, 
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which is applicable to that part of the main inductance coil and the shorted 
coil included in the total resulting magnetic flux p (Figure 2). 
Whence 


On the basis of equality (6), let us write 


2 
d.—d¥o We DV +h 


W Wo, D ly (7) 


eth (7) el 


Let us examine the limitation on distance between the central sections 
of adjacent shorted coils (Figure 1) (or per length of section lj) determined 
by the nonuniformity of the line. Associated with this distance is the amount 
of decay T A of the section, determining the minimum frequency of the re- 
flected signal arising at the butt of the sections 


1 
Fin ref 2Tdo 


This frequency must lie beyond the passband of the delay line. In 
practice it will suffice if the level of the amplitude-frequency characteristic 
at this frequency is less than 0.1 of the level at mid-frequencies of the pass- 


band 


1 
reg fos : (8) 


Conformity with this relationship insures the absence of distortion 
due to nonuniformity of the line caused by its separation into sections. 
REQUIREMENTS FOR DELAY LINES 
IN HIGH- FREQUENCY PULSE CIRCUITS 
(Pulse duration T |, = (30 to 100) + 10-° sec. ) 


Let us examine the most general pulse form (Figure 3). 
Assuming *#p = *g, = ty let us express pulse duration as a coefficient, 


which we shall term the pulse-shape coefficient, A: 
t, =Aty. 


Let us find the maximum permissible rise time of the transfer 
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characteristic of the delay line n at which transmission with maximum 


amplitude in matched operation is still obtained. For this purpose let us 
use the rise-time addition formula [3], considering the transfer character- 
istic of the delay line to be monotonic. (The formula affords an accuracy of 
10% if the overshoot does not exceed 2%) 


x = / (t, — ty)? — 2%, = V A(A—2). (9) 


T max 


In practice, this formula may 
be used with sufficient accuracy on 
the condition that 


ek 0.3 a 
2 3R,C, 
where.7, = 3 — = 1.15R,C,, 


R, is the load resistance and C,is 


the load capacitance. 
With consideration of 7: 


Snare | A(A—2)— (=) (10) 


In practice, for high-frequency circuits A = 2.5 to 3, while the pulse- 
shaping conditions and the requirements for reliability of operation lead to 
the inequality 


= pete sl A(A— 2). 


Let *rmax =0.9%gV A(A—Q). 
Then, with A = 2.5,T 


r max — *g: 
Calculation of shielding of the line sections with B — od «10 to 12 
Tt 
must be performed for the upper frequency, basing this calculation on the 
pulse shape at the center of the delay line. (This value of B is characteris- 


tic for a line for mass application). 
The pulse leading edge in the middle of the line 


= 2 - 
‘gos =V 052+, 


which permits determining the upper frequency required for calculation [3] 


on 0 3 eee 

*g0.5 V 0.5" +o, (11) 
A 0,29 
With t= =>. 
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The lower frequency required for pulse transmission without distortion 
may be determined on the basis of spectral analysis as 


1 
NES weet 


where, for evaluating the degree of shielding at the lower frequency of the 
pulse spectrum, it is necessary to insert the pulse duration at the center of 
the line in 


*,05 te TF “90.6 — i 
For t,=‘tgandA=25 t,,,=1.1 t,. 


DESIGN EQUIVALENT OF DELAY LINE 
WITH SHORTED COILS 


Calculation of a delay line with shorted coils performed on the basis 
of the design equivalent of the section, for which there is chosen an m- 
derived low-frequency filter (Figure 4), where 2 (L+ M) is the inductance 
with the shorted coils taken into account, and C is the total distributed 
capacitance of the section. 

In addition, the parameters of 
the section are determined on the 
basis of the best approximation of the M 
group propagation time to the constant 
value in the chosen interval [4]. Cal- 
culation of the operating transmission 
constant yields a bandpass efficiency L E 
7 =90.7. Let us determine the param- 


eter of an m-derived section from C 
the formula | 
1 1 
A eaaiaregg = a—1 9 é 
7 Vy yea Figure 4 
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The mean delay time of a section is 


pe 2m +3V_ 3(m?—1) 
do 2 m2 wo , 
2.64 
lo=—, 
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where w, is the cutoff frequency of the passband 
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The passband cutoff frequency of the line is 


tf 


0,35 
Ic = 


’ 
er 


where ri is determined from formula (9). 


As a result 
Ti .= 0.84 t.. (12) 


The number of sections 


ae ras ee 
uf Tdo bal +r 

The number of shorted coils per unit is less than p' = p-1. 

Improved matching of the line with load (compensation of the depend- 
ence of the section impedance on frequency) is achieved by division of one 
section into two parts. As a result the line begins and ends in a half-section 
and has p-1 whole sections (Figure 5). The total number of sections is 


Pi=pt i (13) 
In this manner distortions due to reflections from the load are almost 


completely eliminated. The remaining values are determined from the 
formulas 


where R, is the load resistance. 


For a given diameter of the core and wire of the main inductance coil, 
calculation of the param- 
output input eters of the shorted coils, 
after selection of the type 
of winding (single-layer or 
two-layer), is performed 
half-section from formulas (3), (4), 
_ _ (5) and (7). In addition, 
p’=10 R " fead in formula (3) it is neces- 
sary to insert fh [formula 


(11)] and n = 100, which 


insures adequate shielding. 
Acceptability of the idealization associated with calculation from an 


assumed section of the delay line with distributed constants is analytically 
evident due to its small electrical length (T dow 0.84 pa, and was wholly 


justified by experiment. 


Figure 5 
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QUALITATIVE INDEXES OF DELAY LINES AND EFFICIENCY 
OF COMPENSATION 


The delay line indexes are: rise time of the transfer characteristic 
= delay time T a transfer constant a and volume Vcm®. At identical 
values of T a Ran and V, we may perform a comparative appraisal of 
lines by means of the coefficient 


Q= <4, 


or 


which is known as the figure of merit of the line. The Q of the line is in- 
creased with a decrease in Th: which leads to an increase in resolution of 


the line. The minimum duration of a pulse which may be transmitted over a 
line in matched operation depends on the pulse-shape coefficient A: 


ea merece (14) 


where 7<=/)V oad ; 


Resolution of the line may be characterized by the minimum-duration 
pulse which may be transmitted along a line under the above conditions and 
with A =o (rectangular pulse). In addition, it is necessary to distinguish 
the intrinsic resolution ei = 0) 


Semin"; (15) 


amin 


and the operating resolution (tT ~0) 


tee Oa (16) 


This permits correct evaluation of the effect of a decrease in T,0n 


rnin of The value of Tee of a spiral line is influenced chiefly by phase 
distortions, thereby determining the merit of the line. For evaluation of 
the efficiency of compensation of a line with distributed constants let us 
determine the upper frequency at which deviation of phase from the linear 
characteristic 8 does not exceed 20° or 0.35 radian. At considerable ampli- 
tude distortion the phase distortion 8 < 20° is insignificant [5] and is the 
critical distortion at which the formula defining the rise time of the transfer 


characteristic may be used, 


It defines the limit of the so-called phase passband — the "phase cut- 
off" frequency f. x (In the presence of amplitude distortion only, it is 
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necessary to insert into this formula the frequency corresponding to the 
0. 707-level — the attenuation frequency cutoff foc) Using an approximate 


formula showing the change in inductance of the spiral coil as a function of 
frequency [6], 


ministre! 


0 


where Ly is the inductance per unit length at low frequencies, » is the wave- 
length of the spiral. 
(The formula gives excellent coincidence with re <7 015) ¢ 


In combination with the formula defining departure of the phase char- 
acteristic from the linear (we assume that C is independent of frequency), 


Figure 6 


we obtain with B = 0.35 
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The weighted amplitude-frequency characteristic of a spiral line 
(6 > 0.35) has an ascent at the beginning of the characteristic and then 
an oscillating drop (Figure 6), The first inflection point, defined by 
the tangent parallel to the frequency axis, corresponds to the "phase 
eine frequency fog and may be recommended for determination of 

Re 

Now for the rise time of the spiral line (68 <0.35) we may write 


ae Gale (18) 
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For a line with short-circuited coils we obtain from (15) 


Tre =IIIT Go, (19) 


As a result 


rane) 


Te 


since 1 = 1ypp (Figure 1), then 


n=114 p" (sale 


The coefficient 7 characterizes the efficiency of the method of com- 
pensation associated with the use of short-circuited coils from the point of 
view of increasing the resolution of the delay line. 

It is known that D/ly = 1.115(m?—1) [7]. 

For our case (m = 1. 35) we obtain 


n= 1,05 p" (20) 


Efficiency of compensation for extreme cases is 


Pmin= 2 4 = 1.32, 
P max = 12, n= 24. 


Ty 2 10T, Zo= Tkilohm 
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In the transmission of voltage changes (A > 30) through a line with 
shorted coils there arises an unusual distortion of the flat portion. 
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The voltages at the output of the line are represented in Figure 7. 
These distortions are maximum at large Z, and minimum when V <1 cm’, 


wherein ae < Oo8 ep 


A great advantage of the discussed construction of delay line is the 
close spacing of the sections. In contrast to the usual improvement of 
quality by making delay lines with-distributed constants in the form of sec- 
tions, the use of delay lines with lumped constants of m-derived sections 
leads to a considerable increase in dimensions, which necessitates greater 
spacing between sections in order to avoid parasitic coupling. 


MINIATURIZATION AND THE DELAY-LINE 
TRANSFER CONSTANT 


Miniaturization of delay lines with distributed constants became pos- 
sible due to the above-mentioned advantage in construction and the considera- 
bly higher efficiency of the method of compensation associated with use of 
shorted coils (20) in comparison with other existing methods [1] wherein 
1/D< 15 to 20. This is associated with the use of conductors of small diam- 
eter d=0.05to 0.1 mm. Realization of the greatest possibilities for reduc- 
ing dimensions in this connection depends on the requirement for the transfer 
constant. The latter depends on the a-c resistance R of the inductance coil 
of the line. The value of R is determined by the skin effect and the prox- 
imity effect, the influence of the latter depending on frequency, conductor 
diameter and winding density. 

For f < 50- 10° cps, with the use of such insulating materials as 
styroflex and teflon-4, the dielectric losses may be neglected and the fol- 
lowing simple formula may be used for evaluation of the transfer constant: 


ae eel fT! 
tran Ri +R : (21) 


For pulses with duration ues (30 to 100) + 10-° sec typical values 
for the pulse edge Ty = (12 to 30) - 10-° sec. For calculation from formula 


(21) it is necessary to take the value of the pulse edge at the center of the 
line. Let To. ee whence 


T6058 122 oa 
Ty 0,5 = (15 +35) + 107%, sec. 


These values for the pulse edge correspond to frequencies of 
f = (23 to 10) - 108 cps. 
For a conductor diameter d= 0.05 the skin effect is practically absent 
[8], since the resistance increases by 3 to 6 percent. The resistance rises 


chiefly due to the proximity effect and may be estimated as 


with U = 1 to 2 andq =1.1, R*1.5 Ro, 
with U=1 andq=1.5R*1.1 Ry 


here Ry is the d-c resistance of the coil. 
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For a conductor diameter of d = 0.1 the skin effect increases the re- 
sistance by an average of 50 percent. In this case: 


with U=1 to 2 andq=1.1R¥* 2R), 
with U=1 andq =1.5R *1.6 Rp. 


As a result, lines with Z) = 0.3 to 1.5 kilohms and Ze (20 to 50) - 


- 
107? sec and with 4 = 10 to 12 and d= 0. 05 have a volume of V < 1 cm? 


at 
-and SS an = 0.0 to 0.85. With diameter d = 0.1 the volume does not exceed 


2 cm’, while Kare = 0.9 to 0.95. In both cases the core diameter is D = 4 


to 6 mm. 


CONCLUSION 


Delay lines with short-circuited coils are structurally simple and 
convenient for mass production. They are considerably smaller than other 
existing designs, possess higher resolution ie = (20 to 50) - 10-9 sec] and, 


thus, are completely applicable for modern systems operating with ex- 
tremely narrow pulses Ree = (30 to 100) - 10-® sec] at maximum repetition 


frequencies. 


Article submitted to editors 21 April 1960 
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SYSTEM FOR CONTROL 
OF RADIATION PATTERN 
OF COMPLEX WIDEBAND ANTENNA 


WITH LOW SIDE-LOBE LEVEL 


V.D. Kuznetsov, and V.K. Paramonov 


The article describes a system for control of the horizontal radiation 
pattern of a wideband antenna in the form of a linear system of radiators by 
the Dol'f- Chebyshev method for the purpose of decreasing the side-lobe 
levels. A description is given and data are presented for a phasing unit and 
a transition unit — the chief elements of the radiation pattern control sys- 
tem in the receiver variant of the antenna. The article describes the re- 
sults of experimental investigation of the transition and phasing units as 
well as the entire system as a whole. The system for control of the pattern 
in a transmitting antenna is examined. 

Communications engineering is presently increasing the application of 
antennas with radiation patterns controlled in the horizontal plane. In 
short-wave operation the specifications for such antennas are determined 
by the necessity for maintaining communication either with a mobile cor- 
respondent or with several fixed correspondents. 

In VHF communications systems employing ionospheric scatter propa- 
gation or propagation by ionized meteor trails it is convenient to use anten- 
nas with controllable radiation patterns wherein it is possible to select the 
most suitable path in accordance with the varying propagation conditions. 

In the subsequent discussion we shall examine systems for control of 
the radiation pattern of the receiving and transmitting versions of a com- 
plex wideband antenna in the form of a linear network of radiators with low 
directivity (antenna elements in the receiver version) which may be fed 
with decreasing amplitude from the center of the antenna to its ends. 

Figure 1 shows the feed diagram of a receiving antenna permitting 
multiplex operation of an antenna consisting of eight elements. Here E is 
an antenna element, Y is the wideband amplifier, PU is the phasing unit. 
The required number of phasing units as well as the number of outputs into 
the amplifiers are determined by the number of channels into which the 
amplifiers operate (two in duplex operation, three in triplex operation, 
etc). The required amplitude relationships are easily obtained by appropria- 
ate regulation of the output voltages of the amplifiers. The circuit as shown 
permits, with one antenna, independent operation of several receivers at 
different frequencies (within the limits of the operating range) and with dif- 
ferent radiation patterns, where each of these patterns may be controlled. 

In simplex operation of the receiving antenna, control of the radiation 
pattern is also achieved by means of a phasing unit (Figure 2). In this cir- 
cuit the required amplitude relationships insuring a low side-lobe level of 
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the pattern may be achieved eithe 
ates > iat r by means of attenuators or by transfor- 
One of the principle parts 
of the circuit for feeding an an- 
tenna with controllable radiation 
pattern is the phasing unit (PU). 
The structural shape of the PU 
may differ, depending on the 
specific features of the given 
feed circuit. Below we describe 
a PU designed for an eight-ele- 
ment antenna with the feed cir- 
cuit consisting of asymmetric 
coaxial cables with character- 
istic impedance W ~ 75 ohms 
(RK-3, RKK-5/18, etc). The 
described PU is intended for 
operation over a two to one 
wavelength range (A = 5-10 m), 
with an antenna base (that is, the distance between the centers of its ex- 
treme elements) of d= 38.5 m. It permits control of the radiation pattern 
within an angular range of fo= + 24°, 
The PU circuit is shown in 
Figure 3. It consists of four 
asymmetric artificial lines AL 
with characteristic impedance 


PU 


to rcVvr 


Figure 2 Figure 3 


W= 75 ohms. The lines are formed from identical elementary 7-sections 
M, and are arranged along the arcs of concentric semicircles with radii 
ratios of 1, 3, 5, 7. All the sections of the lines have taps B in the form of 
contact heads over which the wiper of a common sliding arm is moved — 
current pickoff PT. The sliding contact arm also represents an asymmetric 
line. In order to insure matching at the contact points the characteristic 
impedance of this line is varied stepwise at the contact positions: 37.5, 
18.75, 12.5, 9.4 ohms. 

Matching, of the receiver connection to the sliding contact at the axis 
of the wiper, is achieved by means of a special transformer Tr. This 
transformer is for transition from a line with characteristic impedance of 
9.4 ohms (the result of parallel connection of eight 75-ohm lines) to a 75- 
ohm line. 

In simplex operation of the antenna, between the ends of the artificial 
lines and the output connectors there are attenuators A which insure the re- 
quired amplitude ratios between currents in the antenna elements. 

The maximum equivalent length of the artificial line (lg) is determined 
by the maximum angle of rotation of the radiation pattern 9; and the antenna 
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base 


I= dsin 9. 


The elementary mesh parameters, LandC, are determined from the 
relationships 


be (ex) =3 +10 AV Ley Ccfay 


= L(h) 
Woman V 


Ccfay 


where n is the number of elementary meshes of the line, W is the charac- 
teristic impedance of the line. 

Actually, the inductances of the artificial lines are made in the form 
of helices of silver-plated copper wire; the capacitors of the meshes con- 
sist of the capacitances between the base plate and the housing, and the ter- 
minals fastened to the base plate by means of fluoroethylene washers. 

A general view of the PU with housing and face plate removed is given 
in Figures 4 and 5. 


Figure 4 Figure 5 


The 9. 4-75-ohm transformer is made in accordance with the circuit 
shown in Figure 6. The procedure for calculation of such a transformer is 
described in [1]. Its design data are 


L,= 0.051 Hh, L2=0.405 Uh, L; = 0.738 Uh, 
C, = 278 pF, Co = 34.8 pF, C3 = 42.5 pF, K, = 0,74. 


, The transformer itself, consisting of inductances L; and L3, is made 
in the form of a coil of several turns of insulated copper wire (L3) above 
which, on a thin spacer of foamed plastic, there is one turn of copper strip 
(L,). The inductance of the compensating circuit is a coil of several turns 
of enamel-coated wire. 

Matching of the transformer made for the described PU was measured 
in the frequency range f = 25—70 Mc. The output load consisted of several 
parallel characteristic impedances with a total impedance of 9.4 ohms. 

The results of measurements are given in Figure 7. As is seen, within the 
limits of the operating fre- 
quency range (f = 30—60 Mc) 


the traveling-wave ratio at 1 Kap 
the transformer input did not 
drop below 0.85, which may 08 
be considered an extremely 06 
satisfactory result. 
The elements (radia- 04 
tors) of the antenna, asa ; 
rule, have input impedances Q2 
of the order of several hun- 0 
Bees eee enerelore, for 25 30 35 40 45 50 55 60 65 70 


matching purposes, cables 
with characteristic imped- 
ance of 75 ohms require 
special matching units, that 
is, impedance transformers. In addition to the matching problem, upon 
connection of an asymmetric coaxial cable to symmetrical antenna elements 
(for example, to half-wave dipoles), it becomes necessary to solve the bal- 
ancing problem. Solution of these problems in the centimeter range (tenths 
and hundredths of a meter) and in the relatively long-wave length range 
(hundreds and thousands of meters) presents no difficulty. In the first case 
the balancing and matching units are made of line segments with distributed 
constants, while in the second case they are made in the form of circuits 
containing lumped constants and transformers with air cores or magnetic 

. cores. 

The difficulties arise in the solution of these problems in the ultra- 
short wavelength region (meters and tens of meters). Here the use of seg- 
ments of long lines becomes impractical due to the extreme increase in di- 
mensions and the fact that circuits with transformers do not permit obtain- 
ing the required balancing due to the presence of capacitive coupling between 
the transformer windings. 

There is given below a description of a phasing unit PU permitting 
wholly satisfactory matching over a wide range of short waves and ultra- 
short waves along with excellent balancing properties [2]. This unit has 
been developed on the basis of a short wave transformer described in the 
literature [1] and has the same equivalent diagram as this transformer. 

The operating diagram of the PU is presented in Figure 8a. As is seen 
from the figure, the PU is a balanced circuit and the following method is 
used for symmetrical introduction of emf into the circuit. The inductance 
of compensating circuit Ly is divided into two equal parts (L}) each of which 
is made in the form of a separate coil of thin 75-ohm coaxial cable. The 
coils are connected into the circuit at the braid ends, as shown in Figure 8c, 
and are interconnected by means of a tube segment with an opening in the 
center, through which the cable end is brought out (Figure 8b). The emf is 
introduced into the circuit along the inner conductor of this cable. As 


Figure 7 
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calculations show, in units designed for operation in the short wave and 
ultra-short wave ranges, inductance L} is of the order of units or tenths of 
microhenries. In coils with such inductance made of a coaxial cable no 
particular difficulties are encountered. 


Figure 8 


Calculation of the capacitance and inductance in the PU is performed 
by the method described in [1]. Thus, the PU for transition from a 75-ohm 
coaxial cable to a 300-ohm balanced line is intended for operation in the 30— 
60 Mc range (A = 5—10 m) and has the following characteristics: 


L, = 1.64Hh, L, =0.205 Mh, Ls; = 0.75 Uh, 
C, = 8.6 pF, Co = 34,4 pF, C2 = 83.2 pF, 


Figure 9 shows the results of measurements of the matching of a test 
model of a PU with the above data, loaded by a characteristic impedance of 
300 ohms. As is seen, in the operating frequency range the traveling-wave 
ratio at the PU output does not drop below 0.9. Measurements revealed 
also that in this frequency range the asymmetry coefficient did not exceed 
0.005 (0.5%). Both of these indexes may be considered excellent. 

Experimental investigation of the system for radiation-pattern control 
was performed on an eight-element radiator of an antenna for communica- 
tions by ionospheric scatter propagation [3]. 
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Figure 10 


The radiator is a 90-degree corner reflector formed by the vertical 
wall of a unilinear wire mesh and a plated ground. In the bisecting plane of 
the corner reflector there is chain of eight half-wave dipoles with input im- 
pedances close to 300 ohms in the frequency range under study. The radia- 
tor base was d = 38.5 m. 


28 


; The radiator feed circuit was based on cables of type RK-3 and con- 
tained the described balancing and phasing units. The PU units contained 
attenuators so calculated that the current amplitudes in the dipole pairs (be- 
ginning from the center of the radiator) were at ratios of ls Us @25, Wy BY 
0. 305. According to the Dol'f-Chebyshev procedure, the mentioned rela- 
tionships of amplitudes should insure attenuation of side lobes by not less 
than 28 db relative to the major-lobe level. 

Figure 10 shows the results of measurement of matching at the input 
of the feed system. As is seen from the figure, for the most part, operat- 
ing range lies at the 0. 7—0.8 level and only in the long-wavelength fringe 
of the range drops to 0.5—0.6. Such matching may be considered adequate. 

Investigation of the control of the radiation pattern in the horizontal 
plane was performed by plotting radiation patterns with different positions 
of the sliding contact of the phasing unit. 

The radiation patterns were plotted by measuring the field strength at 
points on an arc with radius of 0.5 km, at the center of which was placed a 
radiator which served as a transmitting antenna. Measurement of the field 
strength was performed by use of a portable receiver with an output scale 
graduated in microvolts. The receiving antenna was a dipole with arms of 
variable length at 4 m above ground. 

Local conditions permitted plotting the radiation pattern over a range 
from @ = 30° in one direction to 60° in the other. Readings were made at 
2-degree intervals. 

The radiation patterns were plotted, both with cophasal feeding of the 
dipoles (the mean position of the PU sliding arm) and in antiphasal feeding, 
for the purpose of rotation of the pattern at different angles and in different 
directions. The measurements showed that the described phasing unit per- 
mits operational control of the radiation pattern over sufficiently great an- 
gular limits. By way of example, Figure 11 shows the radiation patterns 
plotted for frequencies of f = 35, 45 and 55 Mc in the mean position of the 
sliding arm as well as in the extreme positions corresponding to rotation of 
the pattern through 24°. The small increase in side-lobe level as well as a 
certain distortion in the major lobe of the patterns is explained chiefly by 
antiphasal operation of the radiator, caused by inaccuracies in lengths of 
the artificial lines of the PU and connecting cables. 

In the transmitting version of the antenna, where the problems of ef- 
ficiency and dielectric strength are of considerable importance, all the 
feeders are best made in the form of symmetrical lines so placed as to pro- 
vide protection against precipitation, and to decrease the antenna effect of 
the transmission line in the shielding cages. The result is that the feed 
system for the transmitting antenna is extremely unwieldy. The problem 
of efficient power distribution in the operating range between radiators at 
the given ratios, matching, and dielectric strength, also presents particu- 
lar difficulty. Hence, it is natural that operational control of the radiation 
pattern in the transmitting antenna may not be achieved as easily as in the 
receiving antenna. ; 

The radiation pattern of a transmitting antenna in the form of a linear 
chain of eight radiators with nonuniform feed may be controlled by continu- 
ous or stepped displacement of feed points Cy—C, (Figure 12). As in the 
case of the receiving antenna, the values of feed-point displacements are 
determined by the angle of rotation of the pattern and the distances between 
centers of the corresponding radiators. 

In practice, each of the movable feed points may be represented as a 
two-pole stepped switch, between the contacts of which are connected line 
segments with corresponding electrical lengths in the form of loops or 
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spirals (Figure 13). 

The transformer designated in Figure 12 by Tr is a unit for nonuni- 
form division of power between radiator pairs. For this purpose, circuits 
with parallel (Figure 14a) and series (Figure 14b) power division may be 
used. In both cases power division is performed at points corresponding to 
the change in characteristic impedance of the dividing networks. For ex- 
ample, if it is necessary to maintain a relation of a:b:c:d between four 
branched radiator pairs, then in a circuit with parallel power division the 
following relationships will apply: 


Vo=(a+6+ c+d)=W,a=V.b=Wyc=Wd. 


Similarly, in a circuit with series division the following relationships 
will apply: 


VW =(a+b+c+d)=Wya=W;(b+c+ a), 
W; (6+c+d)=W,b=Wi(c+ a), 
Wi (c+ d)=Wye =Wd. 


Calculation of the characteristic impedances of the branch lines is 
performed with the use of the 
E(P). above relationships and from a 
Zip moyon . given or chosen value of charac- 
a robs teristic impedance of one of two 
} \ 35 Mc lines. 
/ \ In order to insure adequate 
\ matching of the power divider in 
\ the operating frequency range we 
?” may, at portions of the divider 
= circuit where the impedance is 
10 20 30 40 50 60 transformed (for example, 
E(¥) eat Wi—Zmi, W}—W3), use multi- 
Fite stepped quarter-wavelength trans- 
ofl f= 45 Mc formers. The number of steps 
\ depends on the width of the operat- 
ing band, the value of permissible 
mismatch, and the magnitude of 
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Figure 11 Figure 12 


control of the radiation pattern of a transmitting antenna has a disadvantage. 
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This consists in the fact that in rotation of the radiation pattern, with inade- 
quate matching of the radiators with the feedlines, there may arise disturb- 
ances of the assigned amplitude and phase relationships. The result may be 
an increase in the side lobes and distortion of the pattern. 


Figure 13 


Figure 15 shows the feed circuit for a transmitting antenna that elimi- 
nates this disadvantage. The circuit is based on the use of couplers [4] and 
operates as follows. 


Zine 2m Zm om 2ma Zme 
W; W, 
: vies w, Ww 
cas W, ” W, Zms Wy Way Weg W.-W, 
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Figure 14 


A radiator, or group of radiators, with maximum current amplitudes 
is connected to the generator by the main feeder. The remaining radiators 


are connected to the main 


feeder through directional 

coupler HO. The degrees 

of coupling of the HO with Rill R 
the main feeder determine 

the peak relationships be- R 
tween currents in the radi- 
ators, whereas the phase R x 7 


relationships between these 
currents are determined by 
the lengths of the coupling Figure 15 


lines. In the terminating . 
resistances of the HO (R) there is dissipated the power of the nonphasal 


wave components reflected by the radiators. This insures maintenance of 
the given distribution of amplitudes within the radiators even in the case 
where the latter are relatively poorly matched with the feeder lines. The 
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total value of power loss in the terminal resistances of the HO depends on 
the amplitude and phase relationships between the waves reflected by indi- 
vidual radiators. If all the radiators are identical, then in cophasal feeding 
their power will generally not be lost in the resistances. Moreover in any 
distribution of amplitudes and phases of currents in the radiators, the maxi- 
mum value of power loss will not exceed p? - 100%, where p is the coeffi- 
cient of reflection from a single radiator. 

The circuit does not lose its properties in operation over a wide range 
of frequencies, since matching of the HO does not depend on frequency, and 
the transfer constant does not vary significantly with change in frequency. 
For example, with HO of length equal to a quarter of the average wave- 
length, the value of the voltage transfer constant, within the limits of the 
two to one frequency range, varies by not more than 10—12 percent. 

Analysis of the operation and procedure for calculation of the HO will 
be given in a special report. 

Phasing of the radiators, that is, control of the radiation pattern in 
the supply circuit using HO, may be achieved by varying the length of the 
feed lines by use of loops of variable length ("'trombones"). 


Article submitted to editors 25 February 1960 
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NEGATIVE-RESISTANCE SEMICONDUCTOR 
DEVICES 


M.A. Berg, and S.A. Garyainov 


The article discusses negative-resistance semiconductor devices. It 
is established that the chief characteristic of such a device is not the amount 
of negative resistance but the amount of negative power delivered by the de- 
vice over its negative resistance segment. Depending on its application, an 
attempt is made to establish the optimum shape of the volt-ampere charac- 
teristic of the device. 


The last five years have seen the appearance of a new trend in 
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semiconductor electronics — a trend associated with the research and de- 
velopment of negative-resistance semiconductor devices. 

1 At this time many countries are engaged in the development of these 
devices. The leading firms engaged in semiconductor production have al- 
ready progressed to the mass production of negative-resistance devices. 

. The interest in negative-resistance semiconductor devices is not ac- 
cidental but is associated with the prospects which they afford for applica- 
tion in telephony, telegraphy, automation, television and, especially, in 
high-speed electronic computers, wherein they may be used in counting cir- 
cuits as memory elements, etc. It is also know that there is interest in use 
of negative-resistance devices in filters, in variable-signal relays and other 
special devices. 


NEGATIVE-RESISTANCE SEMICONDUCTOR DEVICES, 
CHARACTERISTICS AND CLASSIFICATION 


According to the number of electrodes, negative-resistance semi- 
conductor devices are divided into two major groups: diodes and triodes. 
Triode devices with negative resistance are essentially the semiconductor 
analogs of thyratrons. The diode devices are best suited for use in the cir- 
cuits of generators, amplifiers and various switching devices. 

According to the shape of the volt-ampere characteristic, these de- 
vices may have a volt-ampere characteristic of class I (Figure 1) or a volt- 
ampere characteristic of class II (Figure 2). The characteristics may be 
discontinuous (Figures 3, 4) and continuous (Figures 1, 2). As an example 
of a discontinuous characteristic we present an oscillogram of the volt- 
ampere characteristic of a p-n-p device (abscissa value 60 v, ordinate 
value 30 ma). 

In d-c operation, plotting of the points in the region of negative- 
‘resistance for a device with discontinuous volt-ampere characteristic of 
class I, presents difficulties associated with the necessity for using a cur- 
rent generator with infinitely large internal resistance, or a voltage genera- 
tor in the case of a device with volt-ampere characteristic of class II. In 
devices with continuous volt-ampere characteristic these difficulties do not 
exist. 

According to the mechanism whereby the conduction is changed, semi- 
conductor devices may be divided into thermal, thermal-ionization, ava- 
lanche, tunnel, et al. In thermal devices the chief cause of change in con- 
duction is the thermal generation of charge carriers. A typical example of 
such a device is the thermistor. In thermal-ionization devices the initial 
cause of change in conduction is the phenomenon of thermoelectronic ioniza- 
_ tion. Essentially, this phenomenon consists in the fact that the electric 
field applied to the semiconductor contributes to separation of an electron 
from the atom. This separation occurs as the result of thermal excitation. 
In avalanche devices the change in conduction occurs due to avalanche multi- 
plication of the number of charge carriers, which is the result of impact 
ionization in the strong electric field of the p-n junction to which voltage is 
applied in the reverse direction. The change in conduction of tunnel devices 
is based on the tunnel effect, which consists in penetration of charge car- 
riers through the potential barrier of the p-n junction. 

It frequently happens that each of these mechanisms is accompanied 
by thermal generation. This occurs, for example, in point-contact germani- 
um diodes of type DG-Ts4 through DG-Ts12, which have negative-resistance 
segments on the back branch of the volt-ampere characteristic. 
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Figure 5 shows an oscillogram of the volt-ampere characteristic of a 
point-contact diode of type DG-Ts4. The abscissa value is 120 v. On the 


Figure 1 


Figure 3 


ordinate axis, on the righthand branch the value is 150 ma and on the back 
branch 105 ma. The region of generation 
is seen on the oscillogram. The leads 
and stray capacitance of the wiring serve 
as a tuned circuit. 

Structurally, semiconductors are 
distinguished as follows: p-n-6 type, 
wherein 6 will represent the thickness of 
semiconductor,, the conductivity of which 
may vary under the influence of current, 
thermal or light effects or an applied 
voltage [1]; devices of the p-i-p type [2]; 
devices of the p-n-p type [4]; devices of 
the p-n-p-n type [5, 6, 7, 8]; devices of 
the p-n-p-m type, where m denotes metal 
[9]; devices of the n+-p-i-p* type, where 
nt and pt are heavily doped regions with 

Figure 5 electron and hole conduction and iis a 
layer with intrinsic conductivity [10]; de- 
vices of the p-n type (tunnel diodes) [11]. 
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Among these devices, only in the p-n and p-n-6 types (with the excep- 
tion of the point-contact diodes DG-Ts4—Ts12) is the external voltage 
applied to the p-n junction in the forward direction. In all other devices the 
bias voltage is applied in the reverse direction to one or several p-n junc- 
tions. Classification of negative-resistance devices is shown in Figure 6. 


with volt-ampere 
characteristic 
of class II 


with sia baal 
characteristic 
of class II 


avalanche 


with volt-ampere 
characteristic 
of class I 


ermo- 
ionization 


Figure 6 


The mechanism of negative resistance in p-n-06 and p-n devices has 
been adequately described in the literature [1, 11]. We shall discuss de- 
vices which have p-n junctions with reverse voltage bias. 

Devices of this type have a volt-ampere characteristic of class 2. Let 
us adopt the following symbols: I,, current in the pre-breakdown state 
(Figure 4); I,, forward switching current; I3;, reverse switching current; 
U;,, U, and U3, voltages corresponding to currents I,, I, and I;; Ty and Uy 


are the rated values of current and voltage in the high-conductivity state; T; 
is the forward switching time; 7) is the reverse switching time. 

For existing devices with volt-ampere characteristic of class 2 the 
values of these quantities lie within the following limits: 
= U3 =1 to 5v; I, = 0.1 to 10 ma; 


Uz © Uz =5 to 200 v; U, 


I; = 0.5 to 30 ma; I, = 30 ma to 5 a; 7; = 0.08 to 0.3 Usec; Tz = (5 to 10)74. 


H 


Let us examine the mechanism of negative resistance in such devices 
by the example of a device with p-n-p structure (Figure 7). Letus desig- 
nate p-n junction J; as the emitter and J, as the collector. In sucha device 
the negative resistance appears in the presence of positive internal emitter- 
collector feedback. 

The result is that it sometimes happens that the beginning process of 
current increase will develop in avalanche fashion, which under certain con- 
ditions may lead to "flooding" of the collector [4, 14]. Essentially, the 
"flooding" consists in the accumulation of charge carriers in the depletion 
layer of the collector or regions immediately adjacent to it and compensa- 
tion of the fixed space charge of the depletion layer by the dynamic space 
charge of accumulating carriers. Accumulation of carriers may occur in 
the case where the rate of filling of the depletion layer of the collector with 
carriers due to generation (thermal or light) of impact ionization or as a 
result of an avalanche increase in current due to the action of positive feed- 
back exceeds the rate of their departure therefrom. Finally, the potential 
barrier of the collector is partially or wholly eliminated and the voltage at 
the collector, which before "flooding" was approximately equal to the volt- 
age over the entire structure UL = U, drops to a relatively small value and 


there appears a negative-resistance segment on the volt-ampere charac- 
teristic. 

The initial increase in current in a p-n-p structure may occur due to 
a number of causes. For example, it may occur due to multiplication of the 
number of charge carriers as the result if impact ionization within the col- 
lector when the voltage therein reaches the value necessary for this U. =U; 


(Figure 4). Multiplication with the collector increases the current of ma- 
jority carriers reaching the middle n-region (base), which, in negatively 
charging the base, lower the potential barrier of the emitter. This in- 
creases the hole current of the emitter ie (Figure 7), which, in reaching 


the collector, takes part in the formation of electron-hole pairs and the in- 
crease in current flowing through the device, including the majority carrier 
current I nie’ In such a device there exists a clearly expressed current feed- 


back which is increased with the beginning of collector "flooding.'"' This oc- 
curs for the following reason. The voltage across the device U is equal to 


the sum of voltage drops at the emitter Ue and collector UL. During ''flood- 


ing" there occurs redistribution of the emitter-collector voltage. The volt-— 
age at the collector is decreased and at the emitter U, is somewhat in- t 


creased. There arises a corresponding increase in emitter current and 
further development of the process of collector "flooding" even after the 
voltage within the collector decreases to such extent that multiplication 
ceases. 

The process develops in avalanche fashion, with the result that there 
occurs a rapid switching in the region of high conductivity (at point b, Fig- 
ure 4). In this condition, the current is determined by the resistance of the 
device in the high conductivity state and the limiting resistance R, which 
resistance always exists in the circuit for plotting the volt-ampere charac- 
teristic. The voltage at the emitter is also such that the emitter current is 
in a state to maintain the required collector voltage. With a decrease in 
current below a certain value I= I, (for example, by increasing limiting 
resistance R, Figure 4), when the emitter current can not sustain the col- 
lector in the flooded" state, the process develops in the reverse order and 
there occurs back switching into the low conductivity state (points d, Figure 
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4). < The switching time will depend on the rate of development of the "flood- 
ing’ process, which in turn depends on the degree of current feedback. 

It may be shown that in any other structure with p-n junctions in which 

_ there is even only one p-n junction with external voltage applied in the re- 
verse direction, the negative-resistance mechanism will have the general 
outlines described above: the structure will have not less than two sources 
of change in conduction, between which there is achieved positive current 
feedback; a decrease in voltage with an increase in current over the nega- 

_tive-resistance segment will occur as the result of "flooding" of the p-n 
junction to which voltage is applied in the reverse direction. 

The presence of not less than two sources of conduction change em- 
braced by positive current feedback or positive voltage feedback is charac- 
teristic for any device with negative resistance. By way of example, we 
may cite the tunnel diode, which has a volt-ampere characteristic of class 
I. The mechanism of negative resistance in the tunnel diode may be repre- 
sented as follows. Usually, in an extrinsic semiconductor with electron 
conduction, the Fermi level occurs between the bottom of the conduction 
band and the donor levels. However, if the activation energy of the impurity 
levels is small but their number great, the Fermi level may approach the 
bottom of the conduction band and even cross it. For a p-type semiconduc- 
tor the picture is the opposite — the Fermi level under the same conditions 
may lie within the limits of the valence-electron band. This condition oc- 
curs in the tunnel diode (Figure 8a). Asa result, in the valence-electron 
band the p-regions above the Fermi level prove to be unoccupied by elec- 
trons of the level, while in the n-regions all levels of the conduction band 
lying below the Fermi level will be filled. If a forward voltage is applied 
to such a p-n junction, the Fermi levels in the p- and n-regions will be de- 
pleted at a value qU (Figure 8b). There will occur a coincidence of the un- 
occupied levels of the valence-electron band in the p-region with the filled 
levels of the conduction band in the n-region and there will flow across the 
barrier a current which we shall henceforth refer to as the tunnel current 
im- From Figure 8b it is seen that with an increase in applied voltage the 
tunnel current im will at first increase and then, upon reaching a maximum 
(when the bands with free and filled levels overlap), will decrease to zero. 

3 Two sources of change in conduction of the device participate in the 
process of forming the negative-resistance segment on the volt-ampere 

_characteristic of the tunnel diode. The first source is the presence of bands 
with filled (in the n-region) and free (in the p-region) energy levels, which 

together with an applied voltage, causes tunnel current to flow; that.is, an 
increase in conductivity of the device. The second source of change in con- 
duction of the deviceis the presence of a forbidden band leading to a de- 

-erease in conductivity of the device. This second source of change in con- 

duction begins to act after the bands with free and filled levels overlap, which 
occurs atacertain voltage Umin (Figure 9). With U > Umin reflection of elec - 
trons from the potential barrier begin, with the result that part of the previously 
overlapping energy levels of the n-region begin to coincide with the band of for- 
bidden energy levelsin the p-region. Both sources of change in conduction 
are related by voltage, which in the given case is an independent variable. 

In addition to the tunnel current, through the p-n junction there will 
flow the usual forward current inp, so that the total current is equal to 
i(U) =i,,(U) + inp(U).1 From Figure 9 it is seen that in the absence of 


1 With U = Umax (Figure 9) the current is greater than the sum of 
currents ip and inp. This phenomenon remains to be explained. 
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forward current inp the negative-resistance segment would extend to the 
voltage axis. PEs 

The tunnel diode has extremely short forward and reverse switching 
times, which in oscillator operation 
insures frequencies of the order of 
tens of Mc. Moreover, it is dis- 
tinguished by extremely high ther- 
Fermi level mal stability of the parameters and 
low noise figure. These advantages 
of tunnel diodes derive from the fact 
that, due to the high concentration 
of impurities in p- and n-regions 
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(of the order of 10!3/cm3), the electron gas therein is partially or wholly 
degenerated. Moreover, the electron energy, as in metals, is independent 
of temperature. Hence, the conduction of such a semiconductor is the same 
as in metals. This accounts for the advantages which tunnel diodes have 
over other semiconductor devices; high operating speed, excellent thermal 
stability, low noise figure, etc. It may be stated without exaggeration that 
tunnel diodes, along with other semiconductor devices with negative resist- 
ance, possess excellent prospects for future application. 

However, the problem of the required shape of volt-ampere charac- 
teristic of such devices has still not been sufficiently studied. Elucidation 
of this point will require the examination of the possible areas of applica- 
tion of negative-resistance devices. 


CONCERNING NEGATIVE RESISTANCE 


Generation and amplification of electrical oscillations are possible 
due to the presence of a negative-resistance element in a circuit. In the 
circuits used in the past negative resistance was due to the presence of a 
nonlinear element, a source of power and circuits with external positive 
current or voltage feedback. 

As a result, such a circuit possessed a-c or d-c negative resistance. 
The simplest example of this is the conventional self-excited oscillator. 
However, given anelectronic device in which the volt-ampere characteristic 
possesses a negative-resistance segment, the problem is considerably 
simplified. In this case there is no need for circuits of external positive 
feedback since the feedback required for creation of negative resistance is 
achieved within the device. This considerably simplifies circuit problems 
for a whole series of radio engineering installations and explains the interest 
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which is presently focused on such devices. However, despite the fact that 
negative-resistance devices have long been known and the concept of nega- 
tive resistance has found wide application in engineering practice, the theory 
of this problem has been inadequately developed. Since the time of introduc- 
tion of the concept of negative resistance by M. A. Bonch-Bruyevich [12]. and 
his followers and the discovery of the original work by P. P. Klimentov [13] 
the theory of negative resistance has not been given sufficient attention. As 
a result, on the basis of existing theory, it is difficult to state the technical 
requirements for negative-resistance devices and the shape of their volt- 
ampere characteristics. There is need for refinement of the very concept 
of negative resistance itself. 

The power in any element of a radio circuit is defined by the expres- 
sion 


P=— ( iuat. (1) 


Usually, the phase shift between current and voltage is less than 1/2 
and the integral in (1) is greater than zero. Such an element is a power 
consumer. With t/2<¢<t or t<9<(3/2% the power becomes negative. This 
indicates that the element in this case is a_power source capable of com- 
pensating for losses in the electrical circuit connected to it. The negative 
power P -) is the equivalent of the negative value of instantaneous resist- 


(Seams (2) 


ance a SE, if we refer to the negative-resistance segment of the volt- 


ampere characteristic of the device. However, losses in the electrical cir- 
cuit may be compensated by other elements therein, for example, a battery. 
Nevertheless, a battery cannot be considered a negative resistance since it 
cannot make up for the energy losses in the connected circuit according to 
the applied signal. Let us further assume by the term negative resistance 
an element of the electrical circuit which is capable of converting the energy 
of the supply source into a-c energy and thereby compensate for losses in 
the circuit according to the applied signal. 


REQUIRED SHAPE OF VOLT-AMPERE CHARACTERISTIC 
OF NEGATIVE-RESISTANCE SEMICONDUCTOR DEVICES 
ACCORDING TO APPLICATION 


It was shown above that negative-resistance semiconductor devices 
may have a volt-ampere characteristic of class lor class Il. The differ- 
ence in shape of volt-ampere characteristics will naturally also determine 
the specific applications of devices of one or another group and will also af- 
fect the requirements placed on them. These differences, briefly stated, 
are as follows: 

For devices with volt-ampere characteristic of class I: 

1. Current is a single-valued function of voltage. Hence, in order to 
plot the volt-ampere characteristic it is necessary to use a voltage genera- 
(Ore 
; 2. The negative-resistance segment is associated with a decrease in 
conductivity in proportion to the increase in voltage. 
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3. The mathematical description of negative resistance has the form 


a tlio il (3) 


4, Transition from the region of the volt-ampere characteristic é 
where the differential resistance of the device is positive to the region with 
negative resistance occurs at the point where 


r= =o, (4) 


5. The internal feedback is voltage feedback. 

6. On the basis of item 1, the load (an oscillator circuit) must be 
connected in parallel with the device. 

7. The condition of excitation (Figure 1) 


bre <oRe (5) 


For devices with volt-ampere characteristic of class II: 

1. The voltage is a single-valued function of current. Hence, in 
order to plot the volt-ampere characteristic it is necessary to use a current 
generator. 

2. The negative-resistance segment is associated with an increase in 
conductivity in proportion to the increase in current. 

3. Mathematical description of the negative resistance is 


ee @) 


4, Transition from the region of the volt-ampere characteristic 
where the differential resistance of the device is positive to the negative- 
resistance region occurs at the points where 


tape 7) 


5. The internal feedback is current feedback. 


6. The oscillator circuit and the negative-resistance device must be 
connected in parallel. 


7. The condition of excitation (Figure 2) 
Lie Ra (8) 


The required shape of the volt-ampere characteristic depends on the 
purpose of the device. For amplification it is convenient to use devices 
with volt-ampere characteristic of both class I and class II. Moreover, by 
appropriate choice of load and position of operating point on the negative- 
resistance segment it is possible to eliminate the likelihood of self-excita- 
tion in the absence of signal. In Figure 10, where a volt-ampere character- 
istic of class I is given as an example, it is seenthat the gain will increase 
as the value of negative resistance decreases. Undistorted amplification is 
possible only in the case where the negative-resistance segment is linear. 
In order for the amplifier to consume minimum power in the absence of sig- 
nal it is necessary that the negative-resistance segment be located as close 
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as Possible to the axes so that the values of Ip and Up, in choosing the op- 
erating point at the center of the negative-resistance segment, will be as 
small as possible. Similar re- 
quirements apply to the volt- 
ampere characteristic of class 
II, the only difference being 
that the gain in this case will 
increase with an increase in 
negative resistance. How- 
ever, an increase in negative 
resistance is feasible only up 
to a certain level, since with 
an increase r(-) = oa signal 
with zero amplitude may be 
amplified without distortion. A 
similar result is obtained for 
devices with volt-ampere char- 
acteristic of class I with 

r(-) =0. Hence, at an opti- 
mum value of negative resist- Figure 10 

ance it is necessary to strive 

to obtain that value at which the device provides maximum negative power 

on the negative-resistance segment. This is explained by the fact that the 
principal characteristic of any negative-resistance device is not the value 

of negative resistance r(-), but the value of negative power delivered by the 
device on the negative-resistance segment. In fact, it is easily demon- 
strated that with r(-) = oo for devices with volt-ampere characteristic of 
class II, just as with r(-) = 0 for devices with volt-ampere characteristic 

of class I, the negative power is equal to zero. Physically, this indicates 
that in this case the negative-resistance device is not capable of compensat- 
ing for losses in a circuit connected to it; that is, the chief property of nega- 
tive resistance is lost. 

Devices with volt-ampere character of both class I and class II may 
also be used as oscillators. Requirements for optimum shape of the volt- 
ampere characteristic will be the same as above, with the exception that in 
order to meet conditions of self-excitation (5) and (8) it is necessary that 
the negative-resistance segment be nonlinear (Figures 1 and 2). 

For switching operation the negative-resistance device must have a 
bistable characteristic with two stable regions: a region of large positive 
resistance A (Figure 4) and a region of small positive resistance G, sepa- 
rated by an astable region of negative resistance B. Moreover, the resist- 
ance of the device in region A must be as large as possible and in region G 
as small as possible. The negative-resistance segment must be as wide as 
possible. In addition, it is necessary to strive for a value of negative re- 
sistance r(-) ~ o for devices with volt-ampere characteristic of class II 
and r(-) ~ 0 for devices with volt-ampere characteristic of class I. 

The required shape of volt-ampere characteristic of negative-resist- 
ance devices intended for switching operation is given in Figure 11: 

(a) for devices with volt-ampere characteristic of class I; 


2It is possible to change the negative-resistance value by connecting 
an ohmic resistance in parallel or in series with the negative-resistance 


device. 
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(b) for devices with volt-ampere characteristic of class II. 

Such choice of shape of 
volt-ampere characteristic is 
explained by the fact that any 
intermediate slope of branches 
A and G, as well as another 
value of negative resistance 
may easily be obtained by 
various combinations of a 
negative-resistance device 
and an active resistance R. 
For example, in the series 

Figure 11 connection of a negative-re- 
sistance device and an active 
resistance R the value of negative resistance on the volt-ampere character- 
istic of the combination of ''a device plus resistance R"' will be less than 
value of the negative resistance of the device itself. The slope of branches 
A and G also changes. This is easily shown graphically (Figure 12). In 
parallel connection of a negative-resistance device and active resistance R 
the value of negative resistance on the volt-ampere characteristic of such a 
combination increases (Figure 13) in comparison with the value of negative 


a) 


Figure 12 


resistance of the device itself. The plots in Figures 12 and 13 are based on 
the fact that in the series connection of a negative-resistance device and an 
active resistance, there flows through the device and resistance R one and 
the same current, and in parallel connection the voltage is common. Fig- 
ures 14 and 15 show the corresponding oscillograms for the combination of 
a device with volt-ampere characteristic of class II plus resistance R (Fig- 
ure 14) and a negative-resistance device shunted by a resistance R (Figure 
15). It is necessary to point out that whereas the value of negative resist- 
ance may increase as well as decrease, the value of negative power always 
decreases. This is further evidence that the value of negative power is the 
principal characteristic of anegative-resistance device, determining its am- 
plifier and oscillator properties. Hence, inthe design of negative-resistance 
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devices it is necessary that the value of negative power delivered by the 
device over the negative-resistance segment be as large as possible. 


R = 200 ohms R = 1000 ohms 


R = 600 ohms R = 200 ohms 


Figure 14 Figure 15 


CONC LUSION 


The use of negative-resistance semiconductor devices in amplifiers, 
oscillators and switching circuits offers considerable advantages, which 
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enable these circuits to be made simpler and more reliable. The develop- 
ment of negative-resistance devices is an urgent problem. Negative-resis- 
tance devices show particular promise for application in computer engineer- 
ing. : 

Negative-resistance devices have extremely short switching times; 
hence, their application may considerably increase the operating speed of 
electronic computers. For example, the forward and reverse switching 
time in tunnel diodes is of the order of thousandths of a microsecond. More- 
over, considering that the parameters of tunnel diodes are relatively inde- 
pendent of temperature over an extremely wide range, it may be expected 
that further improvement of this device and its production will lead to a 
revolution in computer engineering. 


Article submitted to editors April 27, 1960 
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CALCULATION 
OF TRANSISTORIZED VIDEO AMPLIFIERS 


A.A. Rizkin 


The article presents the required design relationships for three types 
of transistorized video stages (with common emitter, common collector 
and common base). A video amplifier with a compound transistor and two 
video amplifer circuits with feedback are examined. The results are veri- 
fied experimentally. 

Modern high-frequency transistors permit construction of simple video 
amplifier circuits which in their qualitative indexes (gain-bandwidth prod- 
uct, signal-to-noise ratio) are not inferior to vacuum-tube circuits and 
with regard to reliability, miniaturization and low power requirements are 
considerably superior to them. In this connection the development of engi- 
neering procedures for calculation of semiconductor video amplifier cir- 
cuits is a pressing problem. 

In this report, on the basis of a well-known circuit for transistor 
conversion at high frequencies, the basic relationships required for calcula- 
tion of three types of semiconductor stages (with common emitter, common 
collector and common base) are presented. There is presented an analysis 
of a video amplifier employing a compound transistor and two video ampli- 
fier circuits with feedback. 


BASIC RELATIONSHIPS 


The equivalent circuit for a common-emitter stage suitable for video- 
frequency regions is shown in Figure 1. Given a resistance Re in the emit- 
ter circuit, it acquires the form shown in Figure 2. 


Figure 1 Figure 2 
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In accordance with the symbols given in the figure, we have the fol- 
lowing equations: 


a oF eee 


Ui = Us. f + (s+. 2 z) Re: 


Solving these equations, we obtain the following expressions for cur- 


rent: 
Sei Tl el ee Ca 7 
Teeth aie cue ae : (1) 
_U, S—10C,a 9 
ie Lilet Zi @) 
In addition 
: sa At (3) 
a=1 +(S+ 7) Re 
Usually, the following rat Celie are fulfilled: 
ma <> aC, |Z| <1 
Then we will have approximately 
a=1+SR, (4) 
and 
SZ 
Yin = way tied (1+ =u): (5) 


1 


Let us examine the expression for Y},, which is evidently the input 
admittance of the circuit at point b'. 
Inserting in this expression 


Pe 


Tlie petiae meee teat 


Clam 


we obtain 


Vin = —— — 0, “Xt ec SM |= yeriace 


Be 


where 


Y= = —o C, “ZtandC, = <s + c, (1 + art) 
In connection with this, the equivalent of the input circuit of a stage 
with common emitter is given in Figure 3. 
Within those limits where the load impedance Z, of the stage may be 
considered active, the conductance of the input circuit Yo is constant and 
does not depend on frequency. Within these limits 


Zamet, (6) 
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where 
Ryo=a Pe 
jaa acaeotd . (2) 
Pe [C. + Cy (a+ SR,)] 


It must be pointed out that the 
value of P, depends substantially on 
the operating conditions of the tran- 
sistor, but for ordinary transistors 
the product PeCe is relatively inde- 
pendent of operating conditions and Figure 3 
is approximately equal to the recip- 
rocal of the angular frequency at 
which the current gain in a common- 
emitter short-circuited configuration is lowered by 3 db.1 

Approximately 


) == 26 1 
jeeigle 1a. ®) 
In this expression a) is the current gain in a common-base circuit at 
medium frequencies, Ig is the emitter current in ma, Pg is in ohms. 
In accordance with formulas (1) and (2), the general expression for 
current gain of a stage with common emitter has the form 


K,= S—iwC,a : (9) 
FM #10 Cy 21) +10 Cy (a+ SZ) 
e€ 


Usually, the value of wC;,a in comparison with S may be neglected. 
Moreover, if inequality oC,,|Z,|< 1 is fulfilled, then with an active load 
(Z, = R,) we will have 
(Uses et aa (10) 


1 wo 
idee Pw 1+i Fe 


In order to relate the introduced quantities to the current gain of a 
stage in short-circuited operation fy and its cutoff frequency w B let us 
assume in this expression R, = 0, R, = 0 (that is, a =1) and present it in 
the usual form 


Se 
Kien =p == = ae 
Riss, ee 1+i— 
wo wo |a=1 
8 R= 
Consequently, ; 
a ; A; Ea ee | (12) 
eo ; = 4 = Sp.3 o, = Ce, g(t) 


As for the voltage gain of the stage, this may be derived from the general 
formula 
AN (13) 


= ere 


K= 


1For drift transistors capacitance Ce shows complex dependence on 
the operating conditions and must be determined experimentally. 
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where kj is the current gain of the stage, Zj, is its input impedance and Z, 
is the load impedance. 

Let us now discuss in brief a stage with common collector. 

The circuit for conversion of this stage is given in Figure 4. Analysis 
thereof yields the following expressions for input impedance of a stage with 
common collector and its current gain: 


1 
Ea Z 
iy % b! lhe l, ia rot (2 me! (14) 
b¢ and 
op temelrtaSZe 
K,= ome (15) 
where 


Lo es + rel 4. SZ.) Z ~ Za (1 + SZ,). 

By means of the above ex- 
pressions, the voltage gain of the 
circuit is easily determined from 

Figure 4 the general formula (13) 
(1 + SZ_) ZL 
TMZ reli B Coz e 

In accordance with formula (14), the scheme for conversion of the 
input circuit of a stage with common collector is given in Figure 5. 

In circuit calculation over a wide range of frequencies it is necessary 
to use the total expressions (14) -(16). 

In those cases where rp and C, are sufficiently small but frequency 
is not extremely high, so that inequality C,|Z)|<lis substantially fulfilled, 
it is permissible to use the following approximate expressions: 


Kpre'—p (Ui SZ) tapes (ep Ste 2 (eg) 
lscicse 


9 


(16) 


and 


Pak STARS Lede s 
Zet(l+SZe)Z_ 1452," 


Since usually |$Z,|> 1, then K ~1. In 
the same manner we may derive the neces- 
sary formulas for calculation of a stage with 
common base. Without dwelling on the cal- 
culations, let us present the final results. 

The current gain of a stage with com- 
mon base is defined by the expression 


SZ, Zg46 
Mpepertrars ara: (17 
Figure 5 eB SEB 
The input resistance of such a stage is 
equal to 

— Z — 
ag eg eee (18) 
The voltage gain of this stage, in accordance with formula (13) will be 

‘ ; Le 
K = (SZ, Z, + r) Six (19) 
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In these expressions 
ee oh a Ze 
MOC eee seo. 


Z= a IZ, +r t+Z,(1 — Sr, )] +n, (2, Ee) 


In concluding the general section, let us examine the question of ''Q" 
of a transistor from the point of view of its applicability to gain in the high- 
frequency region. By "Q" of a transistor stage we shall mean the product 
of the current gain of the stage at a frequency in the asymptotic region of 
extremely high frequencies. Let us determine this quantity for a multi- 
stage circuit in which all the transistors are connected in a common-emitter 
configuration. In such a circuit the input resistance in the region of ex- 
tremely high frequencies approaches rp, while the voltage gain approaches 
Srp. In accordance with formula (10), the modulus of current gain in this 
region is approximately equal to 


IK;| — —2 Sp, 
wherein, in accordance with (7), approximately 


1 


Wo a SS SS 
Pe [Ce + CrSrp] 
hence, 
\K,|o ~ : 
Ce 
ey + Cyr 
Since 
1 1 B, il 
0.C, =~ — ~ ——__; = a 7 
Case oy oO, (d = 49) ‘ Pe S (1 — aq) S 
the ''Q" of the stage 
1 
Q= 1K f=-_——_. me 
7 4+27Cgrp 


Hence, the higher the cutoff frequency fg and the smaller the Cy,rp 
time constant, the higher the ''Q" of a transistor with regard to its capacity 
for amplification at extremely high frequencies. 


CIRCUITS WITH CASCADE TRANSISTORS 


The use of cascade transistors permits obtaining high input resistance 
and, with small current of the first transistor, a low noise level. 

: One of the possible circuits of this type is shown in Figure 6. 

As is seen from the diagram, its first stage is an "emitter follower" 
(that is, a stage with common collector), which insures high input resistance 
of the circuit. 

The emitter of the first transistor is directly d-c coupled with the base 
of the second, as a result of which the emitter current of the first transistor 
is small. In order to reduce the collector voltage of the first transistor 
there may be introduced into the collector circuit a capacitance-shunted 
resistor. The low collector voltage and the low emitter current are advan- 
tageous from the point of view of lowering the noise figure. 

D-C analysis of the circuit leads to the following approximate formula 
for the emitter current of the first transistor: 
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Igy RyRo + B10 [ER1 — nan (Ri +2) Real 
RR + Boba (Ry + Rz) Reo 


cd 


el 


Figure 6 


In this expression I', 9; and I', 92 are the initial currents of the transis- 
tors (with open-circuited bases) having values of the order of 100 micro- 
amperes. Withresistances R, and R, of the order of 100 kilohms and supply 
voltages of the order of several volts, the emitter current of the first tran- 
sistor has a value of the order of tenths of a milliampere.2 

Let us turn now to evaluation of a-c operation of the circuit. Since 
the second transistor operates as a normal common-emitter amplifier, its 
input resistance may be determined from the conversion circuit shown in 
Figure 3. 

Let us find the basic characteristics of the circuit shown in Figure 6. 
Since the input resistance of the circuit is somewhat large, it is also of 
interest to determine its voltage gain and frequency response. 

The input resistance of the second stage at medium frequencies is 
Yp2+ Rog, and has a value of the order of 1000 ohms and drops to a level 


of Hs of its initial value at a frequency close to wo2. Moreover, the quan- 


ity Z) (defining, in accordance with formula (14), the input impedance of 
the first stage) is approximately equal to S4Ze;Z;,2 and will at medium fre- 
quencies have a value of the order of 20-30 kilohms. The input impedance 
of the circuit at medium frequencies will also be of the same order. 

Designating the voltage at the input of the circuit U,, the voltage at 
the output as U,, the current gain of the individual stages as Kj; and Kjg and 
their input impedances as Z;,4 and Zjn2, we shall have 


U $ 
U,= —1,2,,= Se KiiKi2Zt2 
in! 


The voltage gain of the circuit is equal to 


*With the indicated data, the terms in the expression for I,4, depending 


on I', 9, and I', 92, are relatively small, which indicates excellent thermal 
stability of the circuit. 


50 


Ur _ K 
U; Wen ae L2 


where Z 2 is the load impedance of the second stage. 
As is seen from formulas (14) and (15), with small Tp, approximately 


Ka 1+SiZe  —S1Ze1 1 
2 int LaMOES 7.7, 5 ae 7, 
Consequently, ™ : 1ZeiZin2 me 
K a Kia Ip ; 3 
Zin? b2 


With small r,» the frequency relationships of Kj2 and Zing are only 
slightly different and hence the frequency characteristic for gain of the cir- 
cuit must be adequate. Using expression (6) and (10), it is easily shown 
that with an active load the voltage cutoff frequency for circuit gain is 

OG man 02 (1 Si 3) 
that is, considerably exceeds wp. ; 

In the circuit in Figure 6 the emitter current of the first transistor 
may prove to be extremely small and this may have an unfavorable effect 
on the frequency characteristic. For an increase in current it is advisable 
to introduce the resistance Re; shown in the figure by a broken line. The 
first stage in this case becomes an ordinary stage with common collector 
and may be calculated from formulas (14) -(16). 

We will note that in cases where the emitter resistance of the second 
transistor is not capacitance-shunted it is best to introduce the resistor not 
between the emitter of the first transistor and ground but between the base 
and emitter of the second transistor. Moreover, the circuit of the second 
stage becomes similar to a vacuum-tube circuit containing a cathode resis- 
tor and a coupling resistor between the grid and cathode of the tube. Such 
a circuit, as is known, possesses high input impedance. 


FEEDBACK CIRCUITS 


Excellent results may be obtained by means of negative feedback and 
simple methods of compensation. 

Figure 7 shows a single-stage circuit with parallel feedback in which 
compensation is achieved by introduction of a small inductance in the feed- 
back circuit. 

Below we present in brief the theory of this circuit and the necessary 
design formulas. 

On the temporary assumption that Ly = 0 we may write the following 
equality for the circuit in Figure 7: 


3This result indicates that, with the given assumptions, the voltage 
gain of the first stage may be taken to be equal to unity. 

4Detailed analysis of such a circuit, based on the regeneration meth- 
od, is given in the author's work [1]. The compensating inductor was intro- 
duced by Thomas [2] . We will note, incidentally, that the "Blackman meth- 
od, '' widely used by Thomas for analysis of transistor circuits and the sta- 
bility thereof, is none other than the regeneration method Heol. 
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when 


Ty + Ip = 1, = Kip; 
I, =Ipt ly; 

pret Vary) 2298 Rt 
Rivwieee, Aaa 


0 


ly = 


Moreover, 
ly = Us ’ 
Zbe 


where, in accordance with (6) and (7) 


rere EE eee ree 

lei 

Figure 7 9 (21) 
1 

Oo = ———_____—____ 

pelCe + Cx (1 + SRi0)] 

ce 
_ >. RERo 
Ro Ri + Ro , 


' Using these equations, it is easy to obtain the following results: the 


voltage gain of the stage 


Koga (So Ris (22) 


the current gain of the stage 


In — 
siya < (23) 
A aK) at 4 Se 
Ro Zb 
the input impedance 
pete ae Ro 
Zin = 7 =(Zbe iz) (24) 


where 


mined 


If R,<Ro,and |K| > 1,then approximately 


~ Ki 
jad Sans (25) 
ear. 
Finis ys (26) 
Aight ret B. 
a ee (27) 


Introducing into the expression for Aj the complex value Kj, deter- 
from formula (10), we obtain 
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A 
A; = a ’ 
ras ite (28) 
N 


wherein the current gain of the stage at medium frequencies Ajo and cutoff 
frequency fj in this expression are defined by the expressions 


sesh) 
Boma (29) 
and 
Si=foNo (30) 
where 
- R 
iNGe= 1) ie, Bee 
o=1+ 8 Ro (31) 


As was to be expected, with the introduction of feedback the "'Q" of 
the stage (that is, the gain-bandwith product) remains constant 


Aiofi = 8ofo (32) 


A further increase in bandwidth may be obtained by introducing a 
compensating inductance Ly. 

If, upon introduction of the inductance, it is required that the feedback 

A ts 

at that frequency where the gain drips to a value of ye be practically ab- 
sent, then the frequency where the gain reaches this level (that is, the criti- 
cal frequency of a stage with compensation W,5,,) may be determined from 
the expression 


whence 


The gain from introduction of compensation is 


Soom _ la oe 33 


In choosing the value of inductance Ly it is necessary to proceed from 
the requirement that the feedback at frequency feom be practically absent. 
If we do not consider the stray capacitance in parallel with the compensating 
inductance, then in selecting the latter we may use the inequality 
= 2 BoRn 
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However, in practice, the effect of the mentioned stray capacitance 
on the upper frequencies may prove considerable and hence selection of the 
compensating elements is best performed by trial and error. 

The input impedance of the compensated stage rises with frequency. 
Hence, in the creation of such stages in a multi-stage circuit the load of 
each stage, being equal to the input impedance of the following stage, will 
also rise with frequency. This will result in increasing the effect of com- 
pensation attainable by introduction of an inductance in comparison with that 
which is defined by formula (33). In such a circuit the current gain and volt- 
age gain of the stage are numerically equal and may be determined by com- 
bined solution of equations (22) and (24), assuming therein that Ry, = Zjp. 

Thus we find that in the low-frequency region the gain of the stage is 


1 
where m=_-+—;3 a=—--—;3 =a fy . 
Zbeo Ro’ Zbeo Ran 2be0 ERS pe ag 


For example, if By) = 30, Zpep = 500 ohms, A, = 450 ohms, Ce = 60 
micromicrofarads and Ck = 5 micromicrofarads, then, assuming that Ro = 
2500 ohms, we find from the derived formulas that Ajg = — Ky = 9.3 and 
Zino = 164 ohms. 


Assuming in formula (21) SR, = = to. = 10, we find from our data 


e€ 
that fy ~ 3.2 Mc and the critical gain frequency of a circuit with feedback 
(but without compensating inductance) from formula (32) 


30 
f= Re fo= 5g 22=10 Mc 


It may be considered with an increase in compensating inductance and 
proper selection thereof the critical frequency of the circuit will rise by a 
factor of approximately 2. 

Figure 8 shows a two-stage circuit with series feedback. In distinc- 
tion from circuits with parallel feedback, this circuit has considerably high- 
er input impedance. At the same time it can provide adequate gain in the 
bandwidth corresponding to the video channel5. 

Let us find the principal quan- 
tities characterizing operation of 
this circuit. 

The base current of the sec- 
ond transistor Ip, and load current 
I, are found from the expressions 


hyp = — Kyi ly; G =! =§ Kiln 


in which Kj; and Kj. are determined 
from formula (10) and § and & are 
determined from the expressions 


5 With appropriate choice of values we may eliminate coupling capaci- 
tor Cy from the circuit. This will create negative d-c feedback in the cir- 
cuit and will have a beneficial effect on its thermal stability. If this capaci- 
tor is not omitted it may be used for low-frequency compensation. 


54 


G anes Run fe gteyoreRo 
RutZin2' Ro+Rv” 


The current and voltage gains of the circuit are defined by 


K,= + =— Ky Kj. &,55 (34) 
Uy NZin K; Zin é (35) 


For the input current I, and feedback voltage we may write the follow- 
ing expressions: 


U;— U 
eer U oe = (ler + Jo) Rers 


in which J,,=/,(1+K,) and = a“ Uoe 
i) 


while Zpe; is the emitter-base impedance of the input circuit of the first 
transistor. 

From the presented relationships it is not difficult to derive the fol- 
lowing expression for input impedance of the circuit: 


Zum fhm Eig, Shere Pat Rall + Kah bm gl =. 0 
Solving (35) and (36) simultaneously, we obtain 
1—kK; ze 6 
where R 
Ke = — k, "2 (38) 


is the gain of the circuit in the absence of overall feedback. 
Now, using (37), we reduce the expression for input impedance of the 
circuit as represented in formula (36) to the form 


Zin = Z° (1 + KO). (39) 


Let us turn to evaluation of the frequency characteristics of the cir- 
cuit. 

Since the chief voltage gain of the circuit is concentrated in its second 
stage, this stage possesses the most unfavorable characteristic. For this 
reason, as is seen from formulas (34) and (38), the frequency dependence 
of K° will be determined chiefly by the frequency dependence of the current 
gain of the second stage K;,. Hence, we may approximately consider that 
K° as well as Kj» has a cutoff frequency “), which may be determined from 
formula (7) with the data for the second stage. 

As follows from classical feedback theory, the resulting gain K of the 
circuit, defined in formula (37), will also have a cutoff frequency exceeding 
Wy. by (1 + Kj b) times, wherein Kj is the gain of the circuit without feedback 


at medium frequencies. 
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In accordance with formulas (38) and (39), the input impedance of the 
circuit with a large amount of feedback is approximately equal to and has a 


This as K°Z°6 = — K,Reb (40) 


frequency characteristic close to that of the current gain Kj of the circuit. 

We will not dwell on the stability of these circuits, but will note only 
that this is solved, as in all feedback circuits, by Nyquist diagrams for 
their positive-feedback factor [1, 2, 3]. 

In order to check the principal conclusions, the circuits of Figures 7 
and 8 were studied experimentally. Investigation showed excellent coinci- 
dence of the experimental and design data and affirmed the suitability of the 
derived relationships for practical calculations. 

Thus, in close conformity with calculation, the circuit of Figure 8 was 
made with two P-403 transistors, battery voltage 22 v, collector currents 
2.3 ma, and resistances: 


Rp = 330 kilohms, Ry; = 6.8 kilohms, Re; = 80 ohms, Rx» = 5.6 kilohms, 
Re, = 3.0 kilohms, Ry = 5.1 kilohms. 


The circuit had a voltage gain, without feedback (when the lower end of re- 
sistor Ry is connected to ground), equal to 560 with cutoff frequency of ap- 
proximately 600 ke. 

With the introduction of feedback the gain at medium frequencies de- 
creased to 55, while the cutoff frequency rose to 6.2 Mc. Moreover, the 
input impedance at medium frequencies was 50 kilohms and dropped to 35 
kilohms at a frequency of 450 ke. 


APPENDIX 


Incalculations of the phase and transfer characteristics of semicon- 
ductor circuits it is possible to achieve considerably improvement in the re- 
sults if into the circuit of Figure 1 there is introduced a transadmittance ap- 
proximately allowing for the delay time tg caused by the finite transit time 
of the minority carriers through the base layer. 

Considering the delay time, the complex expression for current gain 
of a transistor in the short-circuited common-base configuration may be 
given as 


a(lw)— 208 __ ae (A 1) 


Using the expansion 


w 


ee ge 


a 


and limiting ourselves to frequencies for which »— 


1 
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approximately® assume 


vo(1—1> = 


a(io) = . : (A 2) 
1+i 


oO 


The corresponding current gain in a common-base short-circuited 
configuration is expressed by the equation 


o 


1l—iv 
a (i) _ 4% on ‘ (A 3) 
1—2 (iv) is ge 1-+-a9v 


1— ag 


B(io) = 
The result expressed by formula (A. 3) may also be derived for the 


circuit in Figure 1 if we introduce into it the transadmittance 
f= 2 (1-1 | (A 4) 


Pe a 


a 


and assume 1 ©, (1 — a9) (A 5) 
eo, = — 
P pelCe+ Ce) apy 
In order to determine the value of v it is necessary either to plot the 
effective voltage-gain transfer characteristic of the given transistor in a 


t 
short-circuited common-base configuration in coordinates 5M) =f(, t) and 
ag 


determine the average abscissa distance v=»,t, between this curve and the 
origin of function a (p) plotted from equation (A. 2) with vy = 0, or to meas- 
ure the current gain cutoff frequencies in short-circuited common-base and 
common-emitter configurations (that is, the quantities w a and we) and, 
knowing, ap, to find v from formula (A. 5). 
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CALCULATION OF TWO-TERMINAL 
L-SECTION EQUALIZERS FOR 


AMPLIFIER GAIN CONTROL 


O.F. Kosminskiy 


The article sets forth the conditions for achieving variable two-termi- 
nal equalizing networks permitting any preassigned accuracy in reproduction 
of given control characteristics. Formulas are presented for determining 
the impedances of two types of L-section equalizers. An example is given 
for calculation of a variable equalizer which, for a given stray capacitance, 
permits a tenfold decrease in control error compared against a single active 
resistance and the same stray capacitance. 

In the amplifier units used in communications equipment, it is fre- 
quently necessary to control frequency characteristics in a preassigned 
fashion. One of the means of controlling the amplifier characteristics lies 
in introducing into the amplifier circuit control networks, either in a feed- 
back loop (Figure 1) or in the plate circuit of a tube (Figure 2). 


Figure 1 Figure 2 


Since for the circuit in Figure 1 (with sufficient feedback) the gain is 
inversely proportional and for the circuit in Figure 2 (using pentodes) it is 
directly proportional to modulus of input impedance of the control network, 
in order to achieve gain control it is necessary to use networks whose mod- 
ulus of input impedance may be varied in accordance with the assigned gain 
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control program. 

The ensuing discussion deals with the method of calculation of such 
networks, which we shall refer to as two-terminal variable equalizers. 

By a two-terminal variable 
equalizer we mean a circuit (Fig- 2 
ure 3) possessing two terminals ! 
(1, 1) at which the modulus of 
input impedance varies as an as- 
signed function of frequency with 
corresponding variation in a con- D 
trol resistance (CR) connected to 
the two other terminals (2, 2). 

In the general form this is 
a four-terminal network with one of its terminal pairs connected to a varia- 
ble resistor R. 

By using four-terminal network analysis it is not difficult to show that 
the input impedance of the two-terminal variable equalizer is expressed by 
the formula 


Figure 3 


tnt pel LT BARD (1) 


where Z,; is the characteristic impedance of the four-terminal network at 
terminals 1, 1; Ze, is the characteristic impedance of the four-terminal 
network at terminals 2, 2; gis the characteristic transfer constant of the 
four-terminal network. 

Of great practical importance is the case of gain control of amplifiers 
over a range which is symmetrical relative to the assigned initial charac- 
teristic of amplification. Hence, all calculations herein refer only to equal- 
izers with symmetrical control range. 

For derivation of the basic formulas let us introduce the following 
symbols: 

IZin o| — modulus of input impedance of the CF (controlled four-termi- 
nal network) loaded by resistance R; 

\Zin 11 — modulus of input impedance of the CF loaded by resistance Rk, 


where k > 1; 
(Zin 2] — Modulus of input impedance of the CF loaded by resistance 


R/k; 
|F|— modulus of a function representing the required frequency de- 
pendence of the modulus of input impedance, with control resistance equal 


to Rk. 
Then the required symmetry of the control range may be written as 


Zin\ = Fi=e (2 
Zino | 1 ) 
Zin? =|- (5% (3 
Zino F ; ) 


where a is a given function of control, the ordinate values of which are 


* cth = coth (transl. ) 
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expressed in nepers. 
On the basis of (2) and (3) we find 


Zin _ Zino (4) 
Zino Zin2 


This condition may be written in the form 


R R R 
1+—<cthg —=—-+cthg 1+ ss cth’g-”  ——_— _--cth g 
Z.2 Z.2 2.2 KZ 02 
R or R R c (5) 
— ct ti cth +cthg 1+ cth 
€2 202 - e2 KZ.9 £ 


It is not difficult to show that identity (5) will be valid only when 
Zoo =R. 

a This justifies the following statement: in order to insure symmetry 
of the control range it is necessary that the characteristic impedance of the 
CF looking into the CR be equal to the mean value of CR. 

With this in mind, the basic equation characterizing the CF may be 
written as 


Pelee xcthg 
a + cth g : (6) 
with Zao =: 
In equalizer calculations it is usually necessary to know one of the 
characteristics of the CF expressed as an assigned function of control F. 
On the basis of (6) it is not difficult to find 


KF —1 
chi gieiaes es (7) 
and 
deren 2am (8) 


It is easily proved that the obtained functions satisfy the conditions of 
the problem. For this purpose, let us first determine the initial value of 
input impedance of the CF with load resistance R = Ze). On the basis of 
formulas (1) and (6) 


Zino = Zev (9) 


that is, the input impedance of the CF is wholly determined by its charac- 
teristic impedance as seen from the input terminals, which is as it should 
be according to the theory of characteristic parameters of four-terminal 
networks. 
With the CF terminating in a load resistance equal to Rk, 
l+k« iit 
i ae F 
el eee (10) 


K 
‘7 K—F 
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With the CF terminating in a load resistance of R/k 


1 KF 
1+ 
in aly KP ol Fa (11) 
K K—F 


Consequently, with variation of the control resistance over the range 
R/k < R < Rk the modulus of input impedance of the CF will vary over the 
+ < Za < [2.1 

On the basis of the above discussion, the problem of determination of 
the CF circuit may be stated in the following theorem: 

Theorem. In order to create a CF with given modulus of imput im- 
pedance varying over a symmetrical range as a given function of frequency 
(with change in CR over the range R/k < R < Rk) itis necessary to satisfy 
the following conditions: 

1. The characteristic impedance of the CF as seen from the termi- 
nals to the CR must be constant and equal to the mean value of CR. 

2. The hyperbolic cotangent of the CF transfer constant (or some 
other appropriate function) must satisfy relationship (7) considered as an 
assigned function of the modulus of input impedance and the range of varia- 
tion of CR. 

3. The modulus of characteristic impedance of the CF seen from the 
input terminals must have the assigned frequency dependence. 

Using the theorem, let us derive the basic design formulas for sev- 
eral types of variable two-terminal equalizers. 


range “Z,; 


|F | ,which was required to be proven. 


L-SECTION EQUALIZER OF TYPE 1 


The equalizer diagram is given in Figure 4. 
For this circuit 


rh Ths z ¢ 
Za=V Zoct Zsc1 = V Lee 7, =fZ, YY Bis (12) 


2.2 = V Loc2@sc2 = V Z,(Z, + Zo), (13) 
* 
— Z sci = Zsc2 — 22 14 
th g tiie V Zoci ) Zoc2 ) Zi + Zo ; ( ) 


where Zoc1 and Zsc; are, respectively, the open-circuit and short-circuit 
impedances of the four-terminal network looking into terminals 1, 1. Simi- 
larly, Zoo: and Zgey are the open-circuit and short-circuit impedances 
looking into terminals 2, 2. 
In accordance with the 
first condition of the theorem 


2 


Z.2=R. (15) 


At the same time, on : 
the basis of expressions Figure 4 


*th = tanh (transl. ) 
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(13) and (14) 
Z.2=Z, cth g. (16) 


Consequently, the formula for determining the series impedance will 
be 
Z,=Rthg. (17) 


The hyperbolic cotangent of the CF transfer constant entering into 
this formula is found on the basis of expression (17). First there is deter- 
mined the function F whose modulus must reproduce with the assigned ac- 
curacy the given frequency characteristic of control. Then, from function 
F and the chosen range of RCk, it is easy to find 


ig (18) 


The shunt impedance Z, is determined on the basis of formula (14) 


Z,=Z,(cth? g —1) (19) 
or 
Z,=R(cth g —thg). (20) 


As follows from the principal design formulas (17), (18) and (20), in 
an L-section equalizer of type 1 it is possible to realize: 

(1) the assigned frequency characteristic for variation of the modulus 
of input impedance of the CF and 

(2) symmetrical limits of control. 

The input impedance of this circuit is already derived as the function 
of the first two conditions 


In the calculation of wideband equalizers there arises the necessity 
for meeting an additional requirement: for the purpose of eliminating the 
influence of stray wiring capacitance there must be a derived capacitance of 
given value in the shunt arm of the equalizer. On the basis of formulas (18) 
and (20) it is easy to establish that the required condition for deriving the 
capacitance will be 


line (22). 


Ww 


L-SECTION EQUALIZER OF A. F. BELETSKIY 


The canonic diagram of the two-terminal equalizer of A. F. Beletskiy 
is shown in Figure 5. 

This circuit is divided in half along the dotted line of overlap of the T- 
section of an equalizer with constant characteristic impedance (Figure 6) 
and subsequent connection of impedance Dal 2 at junction 1'. 
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Let us derive the formulas for calculation of A. F. Beletskiy's cir- 
cuit. For this purpose, we shall first determine the impedance of the se- 
ries arm and the sum of the impedances of the series and shunt arms. 

It is easily shown that 


Z+h= 20R+2 (23) 
and 
Vj Oy 
2R+Z 
Then 
cthg=|/ 4+ — 
Z2 
Bee in = ZRF MRAZ 
= L2W/6: SSIES an xd Sasi Koo 
4 2 2Rsa2) ZR Zs (24) 
whence Figure 7 
OR 
ey 25) 


Consequently, A. F. Beletskiy's circuit will have the impedances 
shown in Figure 7. 

It is easily ascertained that the initial characteristic of the modulus 
of input impedance and the conditions for derivation of capacitance in the 
shunt arm for this circuit coincide exactly with those for the preceding cir- 
cuit (Figure 4). Circuit calculation is performed as in the preceding cir- 
cuit, with the exception that instead of two functions it is sufficient here to 
determine only one 


A=cthg—1, (26) 


which must be a positive real function. 
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Since 1 K 
fap ee (27) 
1+ A 


1 
l+x 
it is easy to establish that this function must be a positive real function 
whose modulus may not be less than 1. 

The same conditions of physical realizability apply also to the preced- 
ing circuit. By way of example, let us present calculations for the network 
for the circuit in Figure 2 which, over a frequency range of 0-8.5 Mc, pro- 
vides continuous control of the frequency characteristic of gain within the 
limits of + 0.3 neper with an accuracy of 0. 005 neper. 

In order to eliminate the effect of stray wiring capacitance it is nec- 
essary to have a derived capacitance of 10-20 micromicrofarads in the shunt 
arm of the network. 

With consideration of (22) the square of the modulus of the given func- 
tion of control, determined by the method of point by point interpolation, 
may be presented in the form 


2a x2 + 48. 10893x + 206608 .856 (28) 
x2 + 9,70893x + 113405,5655 ” 


where 


Inserting the values of the variable 0 < x < 72, it is easily seen that 
deviations from the assigned characteristic do not exceed 0.005 neper. At 
a frequency of 9 Mc deviation is 0.00675 neper and at a frequency of 10 Mc 
it is 0.01 neper. — 

By means of the A-transform, we convert }= iV x to the function F 
and find 


__ 12 + 30,95432 + 454, 78647 (29) 
2+ 26,138550A + 339, 18465 * 
With k = 4 


8d + 196.3084 
ih pele ee 
ene \2 4 24.53855\ + 297.49575 * (30) 


Resolving expression (30) into a continuous fraction, we obtain 


Zi R (Orden aobltheln ott 
° R( vette 0.026892 + 0,65987 ) ot) 
and 
Z= 2R 
1 ° 
0,125% + : (32) 


0.02689) + 0,65987 


The corresponding circuit diagram of the network with component 
values is shown in Figure 8. 
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The modulus of input impedance of the network looking into terminals 
1, 1 is approximately 318 ohms over the entire operating frequency range 
and with a change in CR by a factor of 4 rises to 429 ohms and decreases to 
approximately 235 ohms. 


Figure 8 


If instead of the network for continuous control we simply use one 
varying active resistance, then with a stray capacitance of 20 micromicro- 
farads and impedance of 318 ohms the error in reproduction of the charac- 
teristic at frequency of 8.5 Mc will be approximately 10 times greater than 
given under the conditions of this problem, while with an impedance increase 
to 580 ohms the error is approximately 0. 2 neper. 

With derivation of capacitance of not 20 but 10 micromicrofarads due 
to a twofold increase in characteristic impedance of the network as seen 
from terminals 2, 2 and corresponding recalculation of the elements, we 
may obtain a modulus of input impedance of the network at mean position of 
-. the CR which is equal to 636 ohms and at the other positions of the CR ap- 
proximately 471 ohms and 859 ohms. Phase angle characteristics of input 
impedance obtained at the initial position and two extreme positions of the 
CR are given in Figure 9. 


In conclusion, let us note ib DY 9 fue 
that the premises formulated 1p ——— J : 
in the theorem permit solution 4 Kaif 

_of the problems of synthesis of -8° Ces OS Llyn 
equalizers with a given fre- -12° K=4 
quency dependence of initial -G° 
attenuation, synthesis of four- 
terminal equalizing networks, Figure 9 


synthesis of two-terminal 
networks and four-terminal networks, etc. Descriptions of these will be 


given in subsequent reports. 
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SYNTHESIS OF POLYNOMIAL 
BANDPASS FILTERS WITH 
CHEBYSHEV SELECTIVITY CHARACTERISTIC 


G.I. Leviman, and O. I. Vostryakov 


The article describes the procedure for synthesis of bandpass filters 
proposed by M. Dishal. On the basis of this procedure precise design re- 
lationships are derived for filters with three and four resonators, as well 
as relationships for filters with 3 to 6 reasonators which may be used with 
sufficient accuracy for wideband filter calculations or for calculation of 
filters with losses in certain resonators. 


SELECTIVITY OF POLYNOMIAL BANDPASS FILTERS 


Polynomial bandpass filters (characterized by a monotonic increase 
in attenuation of the filter with increasing distance from the passband lim- 
its) are most often made in the form of a system of coupled, identically 
tuned resonators and only for extremely wide passbands are made in the 
form of a system of symmetrically staggered resonators or a constant-k 
ladder filter. In this report we examine a filter with a system of n resona- 
tors (Figure 1) each of which is tuned (in common with the coupling ele- 
ments joined with it) to the mid-frequency fy of the passband. The 
attenuation of resonators d;, 
dy, «-+,dy, their characteris- 


ils 2S? Xn-1n tic impedances P;, Py, ..., Py 
and coupling coefficients kj», 
is 3 fu, Ko3, -++, Kn —~ 4, n are arbi- 


trary. As is known (for ex- 
ample, see [3]), the transfer 
admittance is 
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Flix) = z = pepe eee ee te (1) 


WW Vien X42 KB, +065 Kn-1,n ‘ 
where the selectivity function is 

GQ, +ix ik, 0 mec Our, Skee 

Kip Ga +ix ikos Oe > (Oe, to eee 

, 0 i kes Gs LiKe Ny Oe hak oh. ow. 

ee ee eke A. (2) 
Ee Soe wee: av x nl oe Ree cS Se Ws ala 
n—1 : 
PEE See Le @ 0 ere d,tix 


Here x = att is the relative detuning. 
0 

In accordance with (1) the selective properties of the filter are deter- 
mined by the numerator, since it is assumed that a change in coupling im- 
pedances (Xj, X93, «++» Xp_1» yn) over the stagger range of interest to us 
may be neglected. Moreover, the selectivity of the filter depends only on 
the coefficient of coupling and attenuation of the resonators and does not de- 
pend on whether the coupling impedances are formed by capacitances, in- 
ductances or combinations thereof. In similar fashion, the choice of inter- 
nal, external or combined coupling between resonators is of no importance. 
The quantities P, and Py affect the value of transfer admittance. 

If the current I) to the first resonator of the filter is the plate current 
of a pentode with transconductance § and sufficiently large internal resist- 
ance, then the maximum gain of this stage will be 


U, 1 
ls pee See = ae SV 6 Pp K 105 Kog,e05K, 1 ns (3) 
4 min 


Here Ug is the voltage at the pentode grid, Dip is the minimum val- 
ue of D corresponding to maximum Up. 
The selectivity of the filter Se is 


|Unl max |D| 
se= aa SS 
Val |Dlmin 


In the calculation of ladder filters wide use is made of the methods of 
network synthesis created by V. Cauer and S. Darlington, which permit de- 
termining the circuit and data for its elements on the basis of the chosen 
shape of the selectivity characteristic [1]. M. Dishal [2] applied this idea 
in revealing the possibility for synthesis of polynomial bandpass filters with 
dissipative elements. 

However, the Dishal method does not yield a single-valued solution, 
since here certain preliminary conditions are assumed, the validity of which 
are then to be verified. Below we present a brief description of the Dishal 
procedure. This method may also be used for calculation of a series of 
networks. 

If it is required to obtain the amplitude-frequency characteristic with 
maximum approximation to the ideal rectangular shape, then, as is known, 
this characteristic must be a Chebyshev response shape and is usually 
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written as [1, 2] 


se=V 14076 : (4) 


Here 
T, ()=cos(narccost) for [|<], 
T,(@)=ch(marcché) for |i >1* 


are Chebyshev functions of the nth order of argument —— where Xp = Pf, 
P 


while P is the passband at the V1 +w = level (Figure 2a). For oddn Ty 


(0) =0, while for evenn T, (0) =+1. At the edge of the passband —=+1 
and |7,(+ 1)| =1. Parameter w characterizes the ripple of function Se with- 
in the passband. Ripple figures of 3 and 6 db correspond to w =1 and w= 3, 
respectively. The extreme of Se (£) are associated with 


—E=+sin fest r), 
2a 


where m=0, 1, 2,...n-1. 
One of the equations of the Chebyshev filter synthesis appears as (see 
below, page 64 [original]) 


>» d,=— >» Pe=eR YT sin 21 
1 1 1 


Using (11) and the known trigonometric relationship [10], we finally 
obtain 


’ 


1 
2 


1 
n xp sh (— arcshw * 
pai ail rt 6) 
1 Sitt=—— 
2n 


The narrower the bandwidth and the greater n and w, the smaller must 
be the attenuation of the resonators. Let the ordinate values on the selec- 
tivity curve at the edges of the passband represent Sey (Figure 2b). For 


the Chebyshev filter Sep=// 1+w (Figure 2a). However, of greater in- 


terest is the general case where V 1+w< Se), In addition, it is again nec- 


essary to use relationship (4); however, here the bandwith P is a condi- 
tional value associated with the assigned value of bandwith P (at the Seo 


level) since: 
Seys=V 14+ 0T(P,/P) . (6) 


*ch = cosh, sh = sinh (transl. ) 
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Figure 2 


For example, with n = 3 a decrease in w from 1 to 0.01 leads toa 
35-percent decrease in P. However, with w—0, P also approaches zero. 

Let us find the rectangularity ratio k, of the selectivity characteristic 
of a filter iwth parameters Po, Sep and w (Figure 2b). 


Kp = X,/Xo = 5 [So 


Here Xp and &) = X/x P,/ Psl correspond to the edges of the pass- 
band, while xg and fg = ae are the frequency staggers for which the se- 
lectivity is equal to the Se ainicd value of Se >>1. Taking & from (6) and 
‘€, from (4), we obtain 


1 Se, ie / mDSE 
ch (= arc ch ) SS 
Z V Vw 


w 
Kp SS —  — ——  .- 
1 Se2.—1 1 Se, —1 
ch i= arc ch = 2ch (= arc ch ) 
n w n w 


If a Chebyshev filter with n resonators and ripple within the passband 
Se, is divided into k stages, each of which contains n/k resonators and rip- 
ple w= =Ses* —1, then the rectangularity ratio of such a filter 


Kp =ch Ee rech fe 
‘i V sei —1 


If, for example, n = 6, Sey= 1.41, and Seg = 10°, then for a six~- 
resonator filter (k = 1) we obtain kp = = 2.01, for two stages of three- 
resonator filters (k = 2) we have kp = 2. 42 and for three stages of two- 
resonator filters k, = 3. 42. eee it is evidently practical to lump all the 
resonators within one filter. It is also feasible because in adjusting the 


(7) 
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passband of a Chebyshev filter by a factor of "a'', its transfer constant 


varies by ak, 
Let us note that with w ~ 0 from (7) we obtain 


nV = 


which corresponds to a filter with maximally linear response, as expressed 
by the following equation: 


Sexe Vit (Sea 1) ae 


Vs2 —1 —1 


SYNTHESIS OF CHEBYSHEV FILTERS 


As stated above, calculation of an n-resonator filter reduces to deter- 
mining the n of resonator attenuations and n-1 coupling coefficients. These 
2 n-1 unknowns are determined from an expression which is an identity rela- 
tive to x 


D\ = 
— =V 14+ wT? ® - (8) 
|Dimin 
The polynomial 1+wT?2 (t), being a function of a real variable — , may 
be represented in the form of the function of a complex variable p = ix (for 
example, see [1], page 250 [original text]), where e%? - 1 =w, andA=iéor 


[4]) 
14+ oT. @Q=o2 xp” (p — pi) (p — p2)-+-(P — Pon): (9) 


Here py---Pon are the roots of the polynomial and may be written in 
general form as [4, 5] 


— ae: —1 
p,=—eRsin “~— «+ iRcos “X=! “ T (10) 
Here K=1,2... 2n e=thp * 
R=xp)chB = B=—are shw (11) 


It is easily shown that the roots of the polynomial lie on an ellipse 
(Figure 3) the semi-axes of which are R and €R. With w—0 ¢«—1, the 
ellipse degenerates into a circle with radius R. It may be shown that, with 
w—~-0 RX, 97 = Po, w7/o. The greater is w, the closer Ristox,. From 
(10) or Figure 3 it follows that for p = ix x 


IP — Pal=| P — Ponstel (12) 
Replacing in (8) 1+wT? () by the modulus of the right-hand side of (9) 


*th = tanh (transl. ) 
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and considering (12), we obtain 
[Dl =|Dlnin Vi 2"-" x5" 1 (p — pr) (p — Po)» (PD — Pa) 


Since in the polynomial D the coefficient, with pD, is 1, then 


n—1 —n 
AV OX online le (13) 


Expression (13) is conveniently used for determining Kmax (3). We 


may now write 
|D| =|(p — p.)(p — p2)..-(P — Pa) | (14) 


the n coefficients of the left-hand polynomial which contain 2n - 1 unknowns 

must be equated with the coefficients of the right-hand polynomial, which are 
easily determined from p;...pn- Thus, we obtain n equations for 2n—1 un- 
knowns, which permits superposition of n—1 supplementary conditions. If 

the number of these supplementary conditions is greater than n—1, then the 
determined unknowns must convert to identities lacking the equations which 
were not used in searching for them. If this does not occur, then it is nec- 
essary to abandon all the assumed conditions. Thus, calculation of the fil- 


ter reduces to the trial-and-error method. 


THREE-RESONATOR FILTER 


From (1) for n = 3 we obtain 


if 


D(p)=%1 Ye Ys+H ts + Kos Tw (15) 


where \,= 4, + P: 
In accordance with (10) the roots of the polynomial will be 


P,3=(—05¢ + 105V 3)R, 
Pp. =—EéR. 


Let us examine the case of symmetrical distribution of attenuation and 
coupling: 


d,=d,=d, d,=0, 


Kio = Ky3 = K. 
Figure (14) we obtain three equations for two unknowns: 


d=eR, 2x°d =0,25(3+ «)eR’, 
d? + 2x? = 1,25 (2? +. 0,6) R?. 


Whence we find: 
d=ecR, (16) 
K=Y 0.125 (3 + ©) R. (17) 


Inserting (16) and (17) in the unused formula, it is easily seen that it 
is transformed into an identity. 

Condition d, = 0 was proposed by Dishal [6] for simplification of anal- 
ysis. It has practical significance for wideband filters or in the compensa- 
tion of losses in the second resonator [7]. The curves in Figure 4 show the 
difference in the selectivity characteristic of the filter from the Chebyshev 
with d, = ad> 0 (here a< 1). These curves were plotted from formula (15) 
with dy = ds = d and kj) = kos, chosen in accordance with (17). The slight 
contraction of the bandwidth and deformation of the curve shape may be dis- 
regarded in calculations. 

Let us discuss the asymmetrical attenuation and coupling — d; > d, = 
ds and ky, ~k»3 — investigated in 1939 by N.I. Chistyakov [8]. 


— w- G4 (1.5 
---- w= 10 (3db 


Q2 


The method proposed below permits calculation for a given value of Sep) (or 


w). Designating d; = d and d, = ds; = ad and solving the three equations into 

which formula (14) is analyzed, we obtain 
2: 

= 18 

E 1 + 2a R, (18) 

OE 0,375 + 1,125 «* — [0,75 + 025 +7 S| al! (19) 

Kyo = V1 a ’ H ’ ’ ’ (1+2a)2 
noes A(2 + a) pos. 3 "ls 20 
Week [0.75 PPD tere Kn | (20) 


With 0 @ a < 0.5 the filter is practicable, since Kyo and Ko are real. 
The dependence of a/R, ky./R and ko3/R on a at various w is given in Fig- 
ure 5. The curves in Figures 6, 7 and 8, calculated from formula (15) for 
w = 0.41, show the deviation of the selectivity curve of the examined filter 
from the Chebyshev response with deviation of a from the initial (normal) 


73 


1, 7A SS ES SS SS wel ES eS ey 


Hinz mee 
fat || TT IN| 


Figure 6 


Oc 
rit 


“01 TT NG | 
Figure 7 


value a = 0 (Figure 6) anda = 0. 3 (Figures 7 and 8); kj. and ko. w e 
lated from (19) and (20). 12 23 were calcu 


For comparison of filters with symmetrical and asymmetrical 
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distribution of attenuation and coupling, which we shall designate as "filter 
101" and "filter 100", let us rewrite (16) and (18) as 


d ; 
Dein B ie 
ss d , 

Xp = (a + 0,5) ate (187) 


Hence it follows that in choosing a filter 100 with a0, we provide 
half the bandwidth of filter 101 at the same attenuations d. Considering that 


in filter 101 the allowable value of d, < i to =) d (Figure 4) and replacing 
din (18a) with d,/a; we obtain 


3+5 vu 

dan ests (16) 

a. pe ede 4 
spa (1+ 4) <p as) 


Hence it follows that in choosing a filter 100 with a 0.5, we may 
provide the same bandwidth with attenuations d3 and dz 1.5-2.5 times 
greater than in filter 101 and, moreover, obtain an ideal Chebyshev re- 
sponse curve. This is of considerable importance in employing compensa- 
tion for losses in the resonators of the filter. A disadvantage of filter 100 
is the marked dependence of the shape of the selectivity curve on the rela- 
tionships between d; and d, = d;' (Figures 6, 7 and 8). In filter 101 a de- 
crease of d, to zero or even to a small negative value merely provides 
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approximation of the filter characteristic to the Chebyshev response. For 
adjustment of the bandwidth of filter 101 it is necessary to change attenua- 
tion d; = d3 and to the same extent change ky) = ky3 [see (16) and (17)]. For 
this same purpose filter 101 would require a change in each of the values 

d,;, ky. and k,3 in a rigidly prescribed manner. In addition, ky. must change 
by a greater factor than the passband (Figure 5). Hence, for adjustment of 
the passband filter 101 is more convenient. 


FOUR-RESONATOR FILTER 
From (1) for n = 4 we obtain 
D( p) = %1 Yo ta Fa + Kia Ys Te + KGa Us Va + KG M1 Yo + Kip KG (21) 
Let us examine a filter with symmetrically distributed attenuation and 
coupling (filter 1001): dy = dy = d, dy, = ds = 0 and Kyo = K34 ~Ko3. As in 


the preceding example, (14) is analyzed into four equations, one of which is 
converted to an identity, while the others yield 


d= 1,305¢R, (22) 
Ky = 0,594 VY 1 + &? R*, (23) 
Kos = 0,544 R. (24) 


Let us examine a filter with asymmetrical distribution of attenuation 
and coupling (filter 1000): dj =d> dy =d3 = dy =ad and kjy =ko3 #=Kgy. 
The four equations resulting from substitution of these conditions are 


2.61 
Cte sah (25) 
-: (1 +a)A—B 
kuny/ 2ioA=2 pe, (26) 
Kyy=V AR? — x2, — KY, , (27) 
k2 ae2(aA — B) aS c4 
=—+ (EPSON YY ee ek, 3 9 

burs ye / - TaN 46.5 cant (28) 


Here 


A=148 [2412055 Lee xsl 
(1 + 3a)? 


B = 0,647 (1+ 3a) + 
42 [0.354 (1-+3a)—6,8 +4 a’, 
(1+3a)2 
C =0,125+0,75 e? + 0,125 «4, 
From Figure 9 it is seen that for a < 0. 27 all the parameters of filter 
1000 are real, which indicates its practicability. 
Comparing (22) and (25), we note that with a = 0 and identical d in 


*In literature [3] it was erroneously stated that x. =0.707V14 &R. 
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filter 1000 we may provide half the bandwith of filter 1001. With the given 
bandwidth an increase in a permits decreasing the Q of resonators 2, 3 and 


4, Ifa=0.2, then d, = d3; =d, = 0.327 €R. In addition, the ideal Cheby- 
shev response is insured, while in filter 1001 approximation to such re- 


sponse requires d,.=d3= (= 10-5) d= (0.43 to 0.26) €R. For adjustment 


of the bandwidth filter 1001 is more suitable for the same reasons as for 
filter 101. 


FIVE-RESONATOR FILTER 


From (1) for n = 5 we obtain 
D( p)=%1 to ts Va 5-7 Kip Aaans at K33 Ya Ya Ys HK 34 %1 Yo Ts + Ki. 1 Y2¥s + 
+ 2, K34 15 + Kip X45 Ys + 55 Kis Yh 


Let us examine a filter with symmetrical distribution of attenuation 
and coupling (filter 10001): dy = ds = d, dy = ds = dy = 0, ky. = Kgs > Ko = K34- 


Math 


As before, (14) is analyzed into five equations, two of which are converted 
into identities, while the remaining equations provide 


d=16122R, Ky = V0,3452 +0,6545e7R, 
Kes = V_0,2798+0.02951 e? R. 


Investigation was performed with a filter with asymmetrical distribu- 
tion of attenuation: d,; =d> d, = dg = dy =d; = ad, while the coupling co- 
efficients were arbitrary. Solution of five equations with five unknowns 
shows that k,, for any a is an imaginary value, which indicates the unsuita- 
bility of the chosen attenuation distribution. 


SIX-RESONATOR FILTER 
From (1) for n = 6 we obtain 
D( p) = 41 is ta Ya Ys Yo Kio Ya Ya Ys Yo + Kos Th V4 Ys Te = 
sr No! -2 ais” ap gt Vere. Rel ep deh bee 2S ged mal gy 
srg Ke 11 ¥2 V5. Yo Ks V1 Ye Ya Ye KS; Va T2 Ta Va + Kyo K3q V5 Te 
Oh we ato) See OF pee Bae 8 ee a ee 
+ Kby Kas Ya Ye +> Wig Es Yu Va 7 Koa KGg Vi V6 -T Kog X55 Yi Vs 
2 BU rt Mee a i ee ae 
AK kK. ii V2 => Ky2 Kay Kg; (30) 
Let dy = de =d, dy oa dg = dy = d; = 0, Kio = Kse, Ko =: kys. As above, 


we obtain six equations for four unknowns. The unused equations are trans- 
formed into identities: 


d=05(V2+V6)eR, kyw= V/0.125(1 ty 3)(14+3e)R, 


Koy = V 015 VEPs NEE QR, Ky = y 2 Jal’ 3. 


CONC LUSION 


The work was performed in 1958-1959 in conjunction with investiga- 
tion of i-f filters of main-link receivers with adjustable passband at the 
Chair of the Radio-Receiver Section of the Odessa Electrical-Engineering 
Institute of Communications. Almost all the relationships were checked 
experimentally. Considerable attention was devoted to the use of compensa- 
tion of losses in certain resonators of the filter by means of a transistorized 
circuit. From equation (5) it is evident that it is convenient to compensate 
losses in the greatest possible number of resonators. This idea was car- 
ried out in an i-f amplifier at frequency of 215 ke and with a continuously 
adjustable bandwidth (adjustable by means of ferro-variometers) from 2 to 
12 ke. The rectangularity ratio (6 and 60 db) was not poorer than 2 at any 
bandwidth and the filter possessed thermal stability [9]. Even better re- 
sults can be expected in employing compensation for losses at higher fre- 
quencies, which may permit elimination of dual frequency conversion in a 
main-link receiver. 


Figures 10 and 11, by way of example, present experimental curves 
for 3- and 5-resonator filters with loss compensation. 


Article submitted to editors 29 August 1960 
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CONTACTLESS UNITS FOR TRUNK LINE 
WITH MULTIPLEX KRR-30/60 


V.G. Bosenko, and G.Z. Maksimov 


A KRR-30/60 [cable and radio relay] equipment for multiplexing of 
interoffice trunks of urban telephone systems has been developed and is now 
in production. 

In order to decrease dimensions of the equipment, contactless units 
were developed for trunk lines multiplexed with the KRR-30/60 equipment. 
Below we describe the results of development of a unit designed for multi- 
plexing of trunk lines between local offices of type ATS-47 [automatic 
exchange]. 

Each set consists of an incoming and an outgoing unit for installation 
at the respective ends of the channel. The basic diagrams of the semicon- 
ductor versions of the incoming and outgoing units are given in Figures 1 
and 2. The transistors which are unblocked in the initial state are indicated 
by asterisks. 

The outgoing unit (Figure 1) and associated channel are engaged in the 
hunting operation of the group selector [GI] of the previous selection stage. 
Upon travel of wiper c over the free-channel commutator position current 
flows through resistor R, and in the GI the busy relay closes. Due to the 
considerable increase in potential of point A the busy transistor TZ is 
blocked. Transistor T; and, through the circuit of Ij and I,, the transmit 
transistor TPer are unblocked by the signal from the TZ transistor. At the 
diodes of static relay StR there is created a positive bias and current of sig- 
nal frequency fg = 3.8 ke begins to enter the channel. 

Upon access to the channel, there are two possible conditions: 

(a) the high-frequency channel is operative; 

(b) the high-frequency channel is inoperative. 

If the channel is operative, as the result of action of the current of 
signal frequency in the incoming unit (Figure 2) a signal from the control 
signal receiver PSU switches the receive trigger TrPr. Busy transistor TZ 
is unblocked by the signal from the TrPr. Inverter transistor Inv is blocked, 
with the result that it unblocks key K; and to line c there is fed the battery 
plus. The next selector step engages the device at busy. 

Simultaneously, through circuit I,, transmit transistor TPer is un- 
blocked by the signal from the inverter and a current of signal frequency 
begins to be transmitted from the incoming unit to the outgoing unit. Due to 
this, in the outgoing unit the receive transistor TPr is blocked by a signal 
from the PSU. Receive trigger TrPr is switched by a signal from the TPr. 

The units are then ready to receive and relay the dialing pulses. 
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The dialing pulses in the outgoing unit are received by a section con- 
sisting of a neon tube NL and pulse transistor TI. Through circuits I, and 
I, the TPer transistor is blocked and unblocked by pulse-synchronous sig- 
nals from the TI. Thus, the dialing pulses are relayed over the high-fre- 
quency channel by periodic interruption in the transmission of current of 
signal frequency from the outgoing unit to the incoming unit. 

In the incoming unit, during each interruption in transmission of the 
current of signal frequency, the TrPr returns to the initial state. Through 
circuit I; and pulse corrector KI, relaying transistor TTr is switched by 
signals from TrPr. Key K, is switched synchronously with transistor TTr 
and the dialing pulses are d-c relayed along conductor b to the devices of 
the next steps in selection. 

During each series of dialing pulses the series transistors TS of the 
sets are unblocked. Keys K, are blocked by signals from the TS, thereby 
isolating the channel inputs from the dialing pulses. 

When the called subscriber answers, from the LI [line finders] in the 
IGI [group selectors] direction the battery plus is applied along conductor A, 
and the voltage drop across resistor R in the incoming unit increases. This 
results in switching of polarity-reversal trigger TrP, and polarity-reversal 
transistor TP;. Transistor TPer is blocked and transmission of signal- 
frequency current from the incoming set to the outgoing set ceases. Key Kg 
is unblocked by a signal from TP3. 

In the outgoing set transistor TPr is unblocked. Answer transistor 
TO is blocked by a signal from circuit I;. Signals from TO unblock key K;, 
switch polarity-reversal trigger TrP, and block key K;. To conductor A 
in the direction of the IGI the battery plus is applied. A bypass circuit at 
the transmitter input prevents excitation of the channel before the called 
subscriber has answered. 

A signal from trigger TrP interrupts transmission of current of sig- 
nal frequency from the outgoing unit to the incoming unit. Thus the speech- 
current transmit state is established in the units. 

Upon ring-off on the calling subscriber's side, current flows into the 
outgoing set along conductor A through resistor R, and key Kj. The poten- 
tial created across the resistor unblocks transistor TPer and current of sig- 
' nal frequency begins to be transmitted in the channel. 

In the incoming set trigger TrPr is switched. Through circuit I, 
polarity-reversal transistor TP, is blocked. Key K, is unblocked and the 
battery plus is applied to conductor A. In LI relay I operates and the busy 
signal is transmitted to the called subscriber. 

When the called subscriber rings off, the battery plus is removed 
from conductor A at the LI. Trigger TrP; and transistor TP; return to the 
original state. Transistor TPer is unblocked and from the incoming unit 
into the channel the current of signal frequency is transmitted. In the out- 
going unit transistor TPr is blocked and transistor TO is unblocked. Key 
K, closes and Key K3 opens. In the IGI relay UR operates and clearing of 
the equipment begins. ; 

After removal of wiper c from the channel commutator all transistors 
and triggers of the outgoing unit, with the exception of transistor TPr, re- 
turn to the initial state. Transmission of current of signal frequency from 
the outgoing side of the channel ceases. This causes extension of the clear- 
ing process to equipment of the last selector steps and incoming unit returns 
to the initial state. Transmission of current of signal frequency from the 
incoming unit to the outgoing unit ceases and transistor TPr returns to the 
initial state. The unit is then ready for establishment of the next connection. 

The unit also transmits all signals in the case where the called 
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subscriber rings off first and in the case of ring-off with an incomplete 
connection. 

Moreover, the unit insures transmission of the "busy" signal to the 
calling subscriber in the event that the chosen channel is inoperative and 
also makes appropriate warning-signal connections. 

An experimental model of the unit was tested at the Stalingrad Central 
Office in 1959. Operational tests showed positive results. 

Size of the unit is 3—4 times less than that of an all-relay system, but 
they are approximately the same in cost. 

The operational testing revealed high reliability of the transistorized 
unit. This was due to the fact that all the triggers in the unit are switched 
only through separate inputs. All switching in the units is static by means 
of directional and switching diodes. Such construction was adopted in the 
light of results of reliability studies of semiconductor switching devices and 
verification of the conclusions arising from these studies. 

Improvement of the unit has concentrated on circuit simplification and 
increased reliability. One means of simplification is replacement of key Ky, 
in the speech section by upper-frequency filters with passbands from 300 kc 
andup. This will permit elimination of seven transistors from the unit. 

Circuits for manufacture of industrial models of the unit have now been 
developed. 


3 July 1960 
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AUTHOR’S CERTIFICATES AND 
FOREIGN PATENTS® 


Class 21g, 1347. No. 123632. A.S. Tager. Method of generation, 
amplification and conversion of oscillations in the millimeter- and submil- 
limeter-wavelength ranges. 

Class 21g, 209;. No. 122819. V.N. Sizov and P.N. Ivanov. Device 
for controlling distance between the styli of a facsimile receiver with chem- 
ical or thermal recording. 

Class 21g, 38. No. 122823. Yu. V. Vvedenskiy. Nanosecond pulse 
generator. 

Class 21g, 38. No. 122824. A.G. Konstantinovskiy. Relaxation 
oscillator. 

Class 42b, 1293. No. 123716. V.I. Gukov and B. M. Khalameyzer. 
Device for measuring thickness of magnetic materials. 

Class 42d, 49;. No. 124155. A.M. Yershov. Device for statistical 
processing of oscillograms. 

Class 42d, 10. No. 124157. S.A. Doganovskiy. Adjustable-delay 
section. 

Class 42g, 19;. No. 122893. E.A. Bulokhov. Circuit for discrimi- 
nation of basic speech tone. 

Class 42g, 14. No. 122934. A.D. Talantsev. Analog-digital voltage 


converter. 
Class 42m, 14. No. 122935. Ya. G. Koblents, D. A. Yakovenko and 


N.O. Morgacheva. Magnetic logical circuit. 

Class 42 m, 14. No. 122983. L.I. Gutenmakher and G.G. Stetsyura. 
Device for optical recording and reading of binary-coded information. 

Class 42m, 14. No. 122939. I. Ya. Lyamichev. Electroluminescent 
memory device. 

Class 42m, 14. No. 122944. A.N. Radchenko and G. F. Yanbykh. 
Method of reversal of counting and coding devices and a device for this 
purpose. 

Class 42m, 14. No. 122945. M.P. Sycheva and A.S. Fedorov. 
Memory device with ferrite elements. 

Class 42m, 14. No. 122946. O.N. Dement'yev. Electronic device 
for squaring voltages of alternating sign. 

Class 42m, 14. No. 122947. B.V. Serov. Multiplier device with 


ferrite matrix. 


* Photocopies of patents (description in original language, drawings) 
may be obtained in person or C.O. D. from the All-Union Patent-Engineer- 
ing Library of the Committee on Inventions and Discoveries attached to the 
Council of Ministers USSR. Moskva-tsentr, proyezd Serova, 4, pod''yezd 
7a. For information phone B 8-64-52 and or B 3-09-57 — photo laboratory. 
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Class 42m, 14. No. 122948. N.I. Borodin. Arithmetic device. 

Class 42m, 14. No. 122949. M.I. Petrukhin, L.A. Golubov and 
D. P. Losev. Single-cycle shift register employing ferrite-transistor cells. 

Class 42m, 14. No. 123765. N.M. Sotina and Ya. A. Khatagurov. 
Diode-transformer gate with two transformers. 

Class 42m, 14. No. 123767. B.I. Khazanov and L.S. Gorn. Re- 
verse ring counter. 

Class 42m, 14. No. 123768. Ye. M. Martynov. Switching-triode 
method for control of single-shift register with magnetic cores and a device 
for this purpose. 

Class 42m, 14. No. 124202. K.A. Iyudu. Method of recording and 
reading information in a ferrite storage device. 

Class 42m, 14. No. 124203. V.V. Chavchanidze, I.N. Bukareyev, 
Z.N. Mikeladze and V.A. Kumsishvili. Method of adding binary-coded 
numbers. 

Class 42m, 14. No. 124204. Yu. I. Pivovarov. Static binary 
trigger. 

Class 21at, 89). No. 128059. D.A. Saf'yan. Crystal R-C 
oscillator. 

Class 21a4, 10. No. 127293. V.G. Androsova and A.G. Pozdnyakov. 
Method for nickel-plating of crystal slabs. 

Class 21a‘, 16);. No. 127294. N.V. Khrushcheva. Pulse generator. 

Class 21a‘, 2993. No. 127706. V.M. Shkol'nik. Method of balancing 
with the reactive component of input bridges of tensometric amplifiers at 
carrier frequency. 

Class 21a‘, 3544. No. 127295. L.N. Kiselev. Compensation stabi- 
lizer for d-c voltage. 

Class 21a‘, 3544. No. 127296. V.K. Machinskiy and V.I. Shtil'man. 
Device for stabilization of ripple in rectified voltage. 

Class 21a‘, 354,. No. 127707. G. Ya. Shkil'ko, S.M. Shevchenko, 
P. Z. Perel'man and I. A. Korsunskiy. Ferroresonant voltage stabilizer. 

Class 21a‘, 4693. No. 127708. A.M. Pokras and A.M. Model’. 
Antenna with circular radiation pattern in horizontal plane and contracted 
vertical characteristic. 

Class 21a‘, 48. No. 127297, L.A. Semenov. Rectangular wave- 
guide of large cross-section. 

Class 21a‘, 48;;. No. 128061. Ye. I. Kamenskiy. Ultrasonic delay 
lines. 

Class 21a‘, 70. No. 127709. S.N. Krize. Device for decreasing 
residual error in pulse systems for automatic control. 

Class 2lat, 71. No. 127298. G.V. Korol'kov. Simulator of multi- 
beam radio channel. 

Class 21a‘, 71. No. 127710. V.L. Vlasov and V.A. Potapov. Two- 
channel heterodyne phase-meter. 

Class 21a‘, 71. No. 128062. O.S. Poturayev. Method of determin- 
ing the parameters of transistors in common-emitter switching operation. 

Class 21a‘, 71. No. 128063. V.A. Zotov. Semi-coaxial cavity 
resonator. 

Class 21a‘, 72)4. No. 127711. P.G. Surovov and Ye. V. Golitsyn. 
Antenna switch. 

Class 21c, 79,5. No. 127714. Ya. I. Parkhomchuk. Tool for remov- 
ing metal-hose shield from cable. 

Class 21c, 7);. No. 127715. T.K. Tsogoyev. Device for stripping 
insulation from ends of wire. 


Class 21c, 46);. No. 128067. L.M. Bernshteyn, Yu. M. Zbarskiy, 
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G.M. Karachun, I.I. Knyazhitskiy, O.G. Tenner and G. Ya. Pribluda. 
Program control system. 

Class 21c, 47);. No. 127307. IL Mikhaylov. Transformer 
decoder. 

Class 21d?, 1293. No. 128072, Ya. M. Chervonenkis. Method of 
controlling electron tubes in current converters. 

Class 21e, 114. No. 127748. "First of May" Enterprise No. 828. 
Electromagnetic oscillograph. 

Class 21le, 114... No. 127324. N.A. Uvarov, V.M. Gorbachev and 
L. L. Usenko. Method of reproducing images of electrical processes by 
means of twin-trace oscillograph. 

Class 2le, 289). No. 127328. Yu. B. Shaub. Method for direct 
viewing of one or several electrical vectors on the screen of a cathode-ray 
oscilloscope. 

Class 2le, 2892. No. 127329. V.A. Baramidze. Generator of line- 
arly rising voltage. 

Class 2le, 2993. No. 127751. A.V. Aleksandrov, L. Ya. Davidchuk, 
V.I. Sintsin and M.N. Chetverikov. Device for measurement of capacitance. 

Class 2le, 369;. No. 127332. V.S. Golub. Method of measuring the 
phase difference of two voltages. 

Class 2le, 3693. No. 127754. A.I. Fyurstenberg. Method for fre- 
quency comparison of two sinusoidal voltages. 

Class 21le, 364). No. 127755. A.I. Il'yenkov. Method of reproducing 
the dynamic characteristic of nonlinear elements (e.g., voltage regulators) 
on an oscillograph screen. 

Class 2le, 3793. No. 127333. I. V. Kudryatsev. Method of testing 
stranded cables and deenergized circuits for insulation defects and a device 
for this purpose. 

Class 21g, 1193. No. 128081. P.P. Fomin. Full-wave phase-sensi- 
tive bridge rectifier. 

Class 21g, 139g. No. 127335. A.L. Lyam. Electron tube with two 
control grids. 

Class 21g, 1359. No. 127762. K.P. Ivanitskiy and N.I. Itkin. Meth- 
od of measuring distortion factor in electronic tuning of klystrons. 

Class 21g, 135). No. 127763. R.S. Medvedev. Method of testing 
dielectric strength of insulation of vacuum-tube electrodes. 

Class 21g, 149). No. 127337. N.N. Chuzo. Method of extinguishing 


cold-cathode thyratrons. 
Class 21g, 28). No. 128084. N.I. Sazonov. Power supply for de- 


vices and equipment. 
Class 21g, 34. No. 128085. G.P. Bogdanovich. Band-elimination 


' stage. 
Class 21g, 36. No. 127340. V.F. Sikolenko, V.N. Rybin, A.S. 
Nasibov, Z.A. Yuzhaninova, Ya. R. Abas-ogly and I.S. Kurochkina. Elec- 


trical pulse generator. 

Class 21g, 38. No. 128086. I.B. Grinberg and O.N. Mel'nikov. 
Converter for conversion of direct current into a pulse train. 

Class 42d, 1j.. No. 127433. R.G. Karpov. Device for obtaining the 


sum of two pulse trains. 
Class 42d, 3.,. No. 127829. O.K. Skikevich. Device for twin-beam 


photographic recording. 
Class 42d, 359. No. 127830. O.K. Skikevich. Method of recording 


and reproducing electrical signals. 
Class 42d, 10. No. 128160. S.A. Doganovskiy. Delay line. 


Class 42g, 1091. No. 127446. M.G. Arutyunov. Magnetic head for 
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sweep recording and playback. W 

Class 42g, 10);. No. 128166. Pending decision on author's certifi- 
cate No. 120928. S. P. Khlebnikov. Method of reproduction of varipolar 
pulse signals with increased signal-to-noise ratio. 

Class 42g, 18. No. 127836. V.I. Pereverzev. Device for investiga- 
tion of magnetic recording. 

Class 42h, 193. No. 127447. D.T. Gaydayenko. Lens for magnifi- 
cation of television image. 

Class 421, 14. No. 127478. V.A. Afanas'yev. Ferrite-transistor 
decoder. 

Class 42m, 14. No. 127859. I. A. Radkevich, V. V. Sokolovskiy and 
N.S. Rezvyakov. Method of decreasing "background noise" of magnetic 
drum. 

Class 42m, 14. No. 127860. F.A. Truten'. Electronic computing 
unit. 

Class 42m, 14. No. 127861. B.V. Anichkin. Magnetic head for re- 
cording of code pulses. 

Class 42m, 14. No. 127864. M.I. Petrukhin, L.A. Golubev and 
G. F. Kucherov. Adder with ferrite-transistor cells. 

Class 42m, 14. No. 128206. R.G. Karpov. Device for summation 
of several pulse trains. 

Class 42n, 1193. No. 127481. M.I. Kal'neko. Vacuum-tube model. 

US Patent, Cl. 178-26, No. 2915585, 01.12.59. Zenner. (Teletype 
Corp. ) System and apparatus for transmitting and phasing telegraph signals. 
Patenting a design of transmitter and reperforator for transmission of in- 
formation in an eight-element code system with its transformation to a five- 
element teletype system. 

British patent, Cl. 40(2), 100(1), No. 833549, 27.04.60. Willis, 
Skinner. (The Decca Record Co. Ltd.) Improvements in or relating to 
magnetic tape recording and or reproducing apparatus. Proposes an im- 
provement in transport mechanism in electronic computers with magnetic 
memory. 

US patent, Cl. 178-6.6, No. 2907818, 06.10.59. Wetzel. (Minneso- 
ta Mining and Manufacturing Co. ) 24-channel system for magnetic record- 
ing of television signals. 

US patent, Cl. 315-24, No. 2913623, 17.11.59. Studebaker. (Inter- 
national Telephone and Telegraph Corp.) Cathode-ray tube system. Scheme 
for correction of transcendental distortions of raster in memory tubes. 

US patent, Cl. 178-5.1, No. 2909592, 20.10.59. Morris, Roschke. 
(Zenith Radio Corp. ) Subscription television system. 

US patent, Cl. 178-5.4, No. 2917574, 15.12.59. Single-tube pickup 
camera for color television. 

US patent, Cl. 315-20, No. 2913621, 17.11.59. Luther, Baun. 

(Radio Corp. of America.) Protection system for cathode-ray tubes. Pro- 
poses a system which disconnects the power transformer upon overloading 
in order to protect the kinescope. 

US patent, Cl. 178-6.6, No. 2921976, 19.01.60. Recording of color 
television signals on magnetic tape. Reproducing color television chromi- 
nance signals. (Minnesota Mining and Manufacturing Co. ) 

US patent, Cl. 179-6.5, No. 2921980, 19.01.60. (General Telephone 
Labs, Inc.) Prepay-postpay paystation telephone arrangement. Local calls 
paid before dialing, long-distance calls paid upon instruction from operator. 

US patent, Cl. 315-39.63, No. 2897401, 28.07.59. Kumpfer. 

(United States of America as represented by the Secretary of the Army. ) 
Magnetron amplifier. Proposes a two-cavity magnetron amplifier with high 
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gain and efficiency. May be used in pulse radar applications. Self-excita- 
tion is completely eliminated in input and output cavities and there is no re- 
action of output circuit on input. 

US patent, Cl. 343-100, No. 2864204, 25.11.58. Henrici, Shaklin. 
(Collins Radio Corp.) Countermeasure system. Proposes a receiving sys- 
tem for determining the presence of radio signals over a wide range of fre- 
quencies with simultaneous indication of direction to the signal source. 

West German patent, Cl. 21a’, 18/08, (H 03 f), No. 1055051, 
01.10.59. Poppinger. (Siemens-Schuckertwerke Akt.-Ges. ) Magnetischer 
Kippverstérker mit Gegentaktverhalten. Proposes a system similar to a 
differential vacuum-tube amplifier distinguished by high stability in the 
presence of power-line fluctuations. Employs the advantages of magnetic 
amplifiers, namely low input impedance. 

US patent, Cl. 250-27, No. 2905819, 22.09.59. Kleinman. (Avco 
Manufacturing Corp.) Linear sawtooth wave generator. Linearity of output 
voltage is achieved by automatic control of voltage in cathode follower, in- 
suring constancy of capacitor current charging. 

US patent, Cl. 179-1, No. 2903515, 08.09.59. Smith. (United States 
of America represented by the Secretary of the Air Force. ) Device for se- 
lective compression and automatic segmentation of speech. The relative 
level of consonants is raised by compression of vowels. 

US patent, Cl. 178-19, No. 2919305, 29.21.59. Ridings. (The West- 
ern Union Telegraph Co.) Teleautograph system. Patents a device for two- 
wire transmission of written text, drawings, maps, etc. 
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